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ABSTRACT 


Salcedo,  Marco  Antonio,  Ph.D.,  Purdue  University,  December 
1984.  Identification  of  Frost  Susceptible  Aggregates  and 
Their  Use  in  Concrete  or  Bituminous  Pavements.  Major  Pro- 
fessor:  Charles  F.   Scholer. 


Coarse  aggregates  have  been  recognized  as  potential 
sources  of  deterioration  of  concrete  exposed  to  freezing  and 
thawing  action.  Whenever  coarse  aggregates  are  involved, 
deterioration  of  pavement  structures  can  take  place  as  pit- 
ting, pop-outs,  and  varying  extents  of  D-cracking. 

Recently,  serious  damage  of  bituminous  pavements  was 
observed  where  the  coarse  aggregate  fraction  played  an 
important  role.  In  some  concrete  and  bituminous  pavements, 
a  typical  pattern  of  surface  damage  was  also  found  associ- 
ated to  the  application  of  deicers. 


In  order  to  prevent  damage  to  concrete  and  bituminous 
pavements  by  frost  susceptible  aggregates,  they  must  be 
identified  by  reliable  testing  procedures.  Sometimes  the 
identification  of  potentially  deletereous  aggregates  is 
based  on  their  physical  properties  alone,  and  some  other 
times  the  identification  is  based  on  their  performance  under 
freezing  and  thawing  surrounded  by   mortar.   Neither   method 


xiii 


has  been  entirely  successful;  however,  from  extensive  exper- 
imental studies,  the  most  significant  factors  involved  in 
frost  action  have  been  identified.  In  this  respect,  strong 
evidence  has  been  reported  regarding  the  importance  of  the 
pore  structure  of  coarse  aggregates  in  their  potential 
resistance  to  freeze-thaw  action. 

The  present  study  was  designed  to  investigate  the  sig- 
nificance of  the  details  of  the  pore  structure  on  the  frost 
resistance  of  concrete  aggregates.  Likewise,  the  surface 
failure  taking  place  in  concrete  and  bituminous  pavements 
exposed  to  deicers  was  closely  analyzed.  Two  approaches 
were  used  to  accomplish  the  objectives  of  this  investiga- 
tion: Statistical  Analysis  of  observational  data,  and  the 
Experimental  Method.  In  addition,  a  simplified  theoretical 
analysis  of  the  freezing  process  was  offered. 

Based  on  field  data,  a  discriminating  function  was 
obtained  to  differentiate  between  aggregates  of  varying 
frost  resistance.  This  function  was  derived  by  taking  into 
consideration  the  details  of  the  pore  structure  of  coarse 
aggregates  in  concrete  pavements. 


CHAPTER  I 
INTRODUCTION 


The  durability  of  concrete  and  bituminous  pavements 
exposed  to  alternate  freezing  and  thawing  can  be  seriously 
affected  by  unsound  coarse  aggregates.  In  the  case  of  port- 
land  cement  concrete  pavements  the  problem  is  known  as  D- 
cracking,  and  the  negative  effects  of  deletereous  aggregates 
occur  even  if  the  cement  paste  is  protected  by  an  adequate 
air  entrained  system.  Because  most  of  the  research  related 
to  this  problem  has  been  done  in  the  area  of  Concrete  Tech- 
nology, it  is  imperative  to  study  the  problem  in  that  con- 
text first;  then,  after  the  basic  differences  between  port- 
land  cement  concrete  and  bituminous  concrete  are  identified, 
corresponding  inferences  can  be  drawn  regarding  the  effects 
of  unsound  coarse  aggregates  in  bituminous  concrete. 

The  potential  durability  problem  produced  by  frost  sus- 
ceptible aggregates  in  concrete  has  been  recognized  for  a 
long  time.  From  a  survey  of  the  research  that  has  been  con- 
ducted in  connection  with  this  problem,  two  major  areas  can 
be  identified:  first,  investigations  on  the  mechanisms  of 
frost    action,    and    second,    identification   of   coarse 


aggregates  prone  to  D-cracking.   These  two  areas  are  closely 
related  to  each  other. 

A  chronological  separation  of  reported  research  about 
frost  action  may  be  established  as  1945,  before  and  after 
the  postulation  of  the  hydraulic  pressure  hypothesis  by  T. 
C.  Powers.  It  is  important  to  mention  that  before  and  after 
the  postulation  of  Powers'  hypothesis,  the  same  approach  has 
been  frequently  used  to  understand  the  mechanism  of  frost 
action,  i.e.  the  experimental  method.  In  this  respect, 
Powers  (47)  asserted: 


"After  the  development  of  working 
hypothesis,  there  followed  a  long  sys- 
tematic research  which  made  possible 
firm  conclusions  about  the  nature  of 
frost  action  in  concrete  based  on  exper- 
imental observations  rather  than 
theory"  . 


In  order  to  minimize  the  negative  effects  of  frost  sus- 
ceptible aggregates  In  concrete,  a  substantial  amount  of 
experimental  research  has  been  conducted  to  identify  "good" 
and  "poor"  aggregates.  Most  of  the  physical  properties  of 
coarse  aggregates  have  been  studied  for  that  purpose,  but 
still  no  reliable  procedures  have  been  reported.  Respect  of 
this  situation,  Dolch  (5)  stated: 


"The  result  of  this  less-than- 
satisfactory  situation  has  been  that 
freezing  tests  of  concrete  containing 
the  aggregate  in  question  have  been  con- 
sidered superior  to  tests  on  the  aggre- 
gate alone "  . 


In  addition,  with  regard  to  testing  procedures   to   identify 
varying  quality  aggregates,  the  same  author  pointed  out: 


"...a  test  that  could  be  performed  on 
the  aggregate  alone  is  still  desirable. 
It  has  long  been  considered  that  the 
details  of  the  pore  structure  of  the 
aggregate  should  be  the  most  important 
factor  in  whether  it  will  be  durable  or 
non-durable  to  frost  in  concrete". 


As  a  result  of  experimental  studies  dealing  with  cement 
paste,  rock  samples,  and  concrete,  the  following  main  fac- 
tors influencing  the  mechanism  of  frost  action  have  been 
identified: 

1  .   Pore  Structure  . 

2  .   Rat  e  of  Cooling  . 

3.  Geometry  of  test  specimens. 

4.  Seasonal  wetting  and  drying. 


These  variables  combine  to  yield  varying  degrees  of 
deterioration,  ranging  from  no  damage  to  complete  disin- 
tegration after  a  few  freezing  and  thawing  cycles.  The 
quantitative  characterization  of  expected  environmental  con- 
ditions, and  its  proper  inclusion  in  either  experimental, 
theoretical,  or  semi-empirical  analyses,  has  been  a  major 
practical  problem.  Therefore,  if  such  variable  is  excluded, 
it  should  be  recognized  that  the  results  of  any  effort  to 
identify  good  and  poor  aggregates  must  be  taken  as  estimates 


of  potential  performance. 

The  negative  effects  of  coarse  aggregates  on  the  dura- 
bility of  concrete  and  bituminous  pavements,  has  been 
recently  observed  in  several  Indiana  pavements,  where  argil- 
laceous aggregates  were  used.  Two  distinctive  features  were 
observed  in  those  cases:  first,  damage  appeared  as  intense 
surface  deterioration  of  concrete  pavements  and  almost 
structural  failure  of  bituminous  pavements,  second,  damage 
occurred  in  one  to  two  years  after  the  completion  of  the 
pavements.  In  addition,  there  were  indications  that  the 
problem  was  aggravated  by  the  application  of  deicing  salts. 

The  occurrence  of  the  problem  in  such  a  short  period; 
the  fact  that  those  aggregates  were  accepted  from  an 
approved  aggregate  source,  and  the  fact  that  they  may  occur 
in  different  proportions  in  production  samples,  made  neces- 
sary to  perform  further  studies  regarding  their  response  to 
freezing  action. 


In  this  investigation,  the  response  to  frost  action  of 
the  argillaceous  aggregates  under  consideration  was  closely 
examined,  as  well  as  the  frost  resistance  of  concrete  and 
bituminous  mixes  made  of  different  percentages  of  unsound 
aggregates.  For  that  purpose,  the  entire  study  was  decom- 
posed in  various  subproblems  which  were  studied  separately 
as  follows.  The  problems  of  identifying  coarse  aggregates 
of  varying  frost  resistance,  and  the  estimation  of  permissi- 


ble  amounts  of  deletereous  aggregates  that  can  be  safely 
used,  were  stated  and  analyzed  in  Chapter  II.  The  particu- 
lar problem  of  surface  deterioration  and  its  possible  causes 
were  discussed  in  Chapter  III.  The  frost  resistance  of 
bituminous  specimens  made  of  different  proportions  of 
unsound  aggregates  was  experimentally  studied  in  Chapter  V, 
and  some  recommendations  were  advanced  for  future  studies 
regarding  field  exposure.  In  Chapter  IV,  the  relationship 
between  freezing  point  of  water  and  capillary  pore  size  was 
experimentally  studied,  and  its  implications  with  respect  to 
freezing  action  in  rocks  were  analyzed.  The  subject  of  the 
fourth  chapter  is  a  necessary  step  in  any  approach  intended 
to  develop  a  theoretical  model  of  the  freezing  action  in 
rocks.  Finally,  Chapter  VI  contains  the  summary  and  the 
major  conclusions  of  this  investigation. 


CHAPTER  II 
CORRELATION  BETWEEN  FREEZING  AND  THAWING 
DURABILITY  AND  PORE  STRUCTURE 


II. 1   Introduction 


II. 1.1   Statement  of  the  Problem 


Coarse  aggregates  have  long  been  recognized  as  a  poten- 
tial source  of  deterioration  for  concrete  exposed  to  freez- 
ing and  thawing.  In  order  to  minimize  damage  of  concrete 
due  to  frost  susceptible  aggregates,  extensive  research  has 
been  conducted  in  the  past  to  identify  those  aggregates 
potentially  deletereous  by  studying  their  chemical  and  phy- 
sical properties.  Properties  such  as:  Mi nera logi cal  Compo- 
sition, Absorption,  Specific  Gravity,  Degree  of  Saturation, 
etc.,  were  determined  to  differentiate  between  frost  resis- 
tant and  non-resistant  aggregates.  Unconfined  freezing  and 
thawing  tests  were  conducted  using  different  building 
materials,  as  well  as  confined  tests  of  concrete  aggregates. 
As  a  result  of  such  studies,  identifying  testing  procedures 
and  corresponding  limiting  values  were  recommended,  but  soon 
serious  contradictions  between  predicted  performance  and 
field    performance    were   found.    Despite   this   problem, 


important  factors  affecting  the  freezing  and  thawing  resis- 
tance of  concrete  aggregates  were  determined  through  labora- 
tory experimentation  and  by  inspection  of  concrete  under 
f  ield  exposure . 

Pore  structure  has  been  identified  as  the  most  influen- 
tial physical  property  in  the  durability  of  building  materi- 
als. The  significance  of  pore  characteristics  on  frost 
durability  was  indicated  by  Rhodes  and  Mielenz  in  1945  (1): 
"They  significantly  affect  the  strength  of  any  material,  and 
also  determine  absorption  and  permeability.  As  a  result, 
they  control  durability  under  freezing  and  thawing  condi- 
tions..." After  an  extensive  review  of  related  literature, 
Lewis,  Dolch,  and  Woods,  in  1953,  concluded  (2): 


"It  would  be  difficult  to  prove  that  any 
other  physical  property  is  of  greater 
importance  than  the  porosity  charac- 
teristics (amount,  size,  and  continuity 
of  the  pores)  in  either  natural  or 
artificial  aggregates." 


The  influence  of  pore  structure  on  freezing  and  thawing 
durability  was  studied  and  discussed  by  Dolch  in  1956  and 
1959  (3,  4),  he  stated  that:  "This  influence  is  primarily 
due  to  the  effect  on  the  absorption  and  retention  of  water 
by  the  aggregate".  He  also  emphasized  the  opposition  of 
small  capillary  pores  to  the  internal  movement  of  water. 


II. 1.2   Statement  of  Objectives 

This  study  has  been  designed  to  investigate  the  influ- 
ence of  coarse  aggregates  on  the  durability  of  concrete 
exposed  to  freezing  and  thawing.  The  objectives  of  this 
study  are: 

1.  To  examine  the  pore  structure  of  coarse  aggregates  in 
order  to  determine  distinctive  characteristics  between 
frost  resistant  and  non  resistant  aggregates. 

2.  To  investigate  the  possible  correlation  between  frost 
durability  of  concrete  an  the  pore  structure  of  its 
coarse  aggregate  fraction. 

3.  To  analyze  the  effect  on  freeze-thaw  durability  of  con- 
crete of  the  proportion  of  the  total  coarse  aggregate 
that  is  not  frost  resistant. 

II. 2   Literature  Review 


In  order  to  develop  a  systematic  study  of  the  pore 
structure  of  coarse  aggregates  and  its  possible  relationship 
with  freezing  and  thawing  durability  of  concrete,  it  is 
necessary  to  define  what  pore  structure  is.  The  porous 
matrix  of  building  materials  is  composed  by  various  amounts 
of  pores  of  different  shape,  size  and  continuity.  Its  com- 
plex internal  relationship  makes  difficult  its  mathematical 
modeling  and  simplifying  assumptions  have  to  be  made.  By 
definition,   the   pore   structure   of   a   porous   solid    is 


determined   by   the   shape   of   the  pores,  which  is  commonly 
assumed  to  be  round,  and  its  pore  size  distribution  (5). 

The  pore  size  distribution  refers  to  the  volume  of 
pores  of  different  sizes  composing  the  porous  matrix.  The 
pore  size  distribution  can  be  measured  by  several  methods; 
two  methods  frequently  used  are  the  process  of  capillary 
condensation  combined  with  the  Kelvin  equation,  and  the 
method  of  mercury  porosimetry.  This  latter  method  has  been 
extensively  used  for  studying  the  pore  structure  of  cement 
paste,  mortar,  concrete  aggregates,  ceramic  materials,  etc. 

The  possible  relationship  between  pore  structure  and 
frost  durability  is  suggested  by  the  freezing  mechanisms  in 
a  saturated  porous  matrix.  The  mechanism  of  frost  action  is 
complex,  and  it  has  been  the  subject  of  research  for  a  long 
time.  In  1945,  Powers  (6)  postulated  the  Hydraulic  Pressure 
Hypothesis  to  describe  the  frost  damage  mechanism  in  har- 
dened cement  paste.  Later,  Powers  and  Helmuth  (7)  extended 
the  original  hypothesis  to  take  into  account  other  phenomena 
produced  by  freezing  of  water  in  cement  paste. 

For  the  purpose  of  this  investigation  dealing  with  the 
frost  resistance  of  coarse  aggregates,  it  is  assumed  that 
the  main  source  of  damage  is  due  to  hydraulic  pressure  gen- 
erated during  the  freezing  process.  In  this  respect,  Powers 
(8)  asserted: 
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"...it  seems  fairly  certain  that  forces 
produced  by  freezing  in  rock  are  predom- 
inantly hydraulic." 


According  to  the  previous  hypothesis,  the  magnitude  of 
the  hydraulic  pressure  generated  within  the  porous  matrix 
depends,  among  other  factors,  on  its  permeability.  The 
larger  the  permeability,  the  smaller  the  internal  hydraulic 
pressure  for  a  given  flow  rate  of  fluid,  and  vice  versa. 
Likewise,  the  smaller  the  internal  hydraulic  pressure,  the 
smaller  the  structural  damage  to  the  porous  matrix.  This 
qualitative  analysis  implies  that  it  might  be  possible  to 
estimate  the  potential  frost  resistance  of  concrete  aggre- 
gates  by   determining   their   permeability   characteristics 

(K  ).   However,  the  difficulties  involved  in  the   determina- 
o 

tion   of   permeability  demonstrate  the  need  for  less  compli- 
cated testing  procedures. 


Given  that  there  is  a  relationship  between  permeability 
and  pore  structure,  other  physical  properties  related  to  the 
pore  structure  may  also  be  related  to  frost  durability. 
Several  physical  properties  such  as  absorption,  porosity, 
saturation  degree,  surface  area,  permeability,  absorptivity, 
etc.  have  been  studied  in  order  to  establish  correlations 
with  frost  durability.  In  reference  (4)  it  was  concluded 
that  the  rate  of  increase  of  the  degree  of  saturation  and 
the  ratio  of  absorptivity  to  permeability  are  two  signifi- 
cant indices  of  frost  susceptibility  for  concrete  aggre- 
gates.  Other  attempts  to  correlate   frost   durability   with 
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one  single  property,  i.e.  absorption,  total  porosity,  sur- 
face area,  etc.  have  been  only  partially  successful  and  are 
not  reliable.  It  is  important  to  recognize  that  those 
correlations  have  been  established  between  frost  durability 
and  one  or  more  parameters  dependent  on  the  pore  structure; 
they  are  only  indirect  correlations  between  frost  durability 
and  pore  structure. 

In  the  present  research,  it  is   intended   to   correlate 

frost  durability  characteristics  of  coarse  aggregates  with  a 

direct  measurement  of  their  pore  structure  as  it  is  obtained 
by  mercury  porosimetry. 


Before  any  correlation  analysis  is  attempted,  it  is 
important  to  state  the  following  basis.  Several  authors 
have  advanced  the  hypothesis  that  it  is  the  relative  pore 
size  distribution  that  primarily  controls  frost  resistance, 
and  that  the  total  porosity  is  of  secondary  importance. 
This  hypothesis  can  be  stated  from  qualitative  considera- 
tions as  follows.  In  Figure  II. 1,  the  pore  structure  of  a 
solid  is  represented  by  its  pore  size  distribution.  Because 
of  the  dependence  between  freezing  point  of  water  and  capil- 
lary pore  size,  it  is  expected  that  under  normal  field  tem- 
peratures, water  in  fine  capillaries  will  not  freeze. 
Therefore,  no  contribution  to  frost  damage  is  expected  from 
water  in  capillary  pores  beyond  a  lower  limiting  diameter 
d,  .    Water   in  large  pores  freezes  at  temperatures  slightly 

Li 

below   0    C,    and    internal    hydraulic    pressures    are 
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Figure  II. 1   Limiting  Pore  Sizes  d   and  d 
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simultaneously  developed.  Given  that  the  magnitude  of  this 
pressure  inversely  depends  on  pore  size,  it  is  naturally 
deduced  that  an  upper  limiting  diameter  d  should  exist  such 
that  no  disruptive  pressures  could  be  generated  in  the 
volume  of  pores  beyond  this  diameter. 

The  existence  of  dL  is  supported  by  experimental 
results  obtained  from  the  freezing  of  cement  pastes  (9).  It 
was  found  that  at  temperatures  as  low  as  -70°  C  not  all  the 
evaporable  water  could  be  frozen.  The  same  phenomenon  was 
reported  by  le  Sage  de  Fontenay  and  Sellevold  (10)  for  tem- 
peratures as  low  as  -90   C. 

Although  the  existence  of  (L   has   been   recognized   by 

many   authors,  its  magnitude  has  only  been  discussed  by  few. 

o 
Kaneuji  et  al  obtained  d   =  45  A  under  the  criterium  of  max- 
imizing the  correlation  coefficient  R   of  an  empirical  func- 

o 
tion  (11).   Litvan  proposed  d   =  80  A  but  no  discussion   was 

given  in  support  of  this  value  (12). 


The  upper  limit  d  has  also  been  recognized  by  many 
authors,  and  specific  values  have  been  determined  by  dif- 
ferent procedures  using  several  building  materials.  Sweet 
(13)  studied  various  concrete  aggregates  and  he  found  that 
the  fractional  volume  of  pores  smaller  than  5 p  correlated 
well  with  the  freeze-thaw  durability  of  concrete  specimens 
made  of  those  aggregates.   Blanks  (14)  proposed   4  y   as   the 
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critical  pore  diameter.  Walker  and  Hsieh  (15)  conducted  an 
experiment  similar  to  that  reported  by  Sweet,  and  they  con- 
cluded that:  "The  best  separation  between  high  and  low- 
durability  aggregates  was  with  8\i  porosity  values."  Polach 
(16),  from  the  study  of  heavy  clay  materials,  stated:  "The 
tests  have  revealed  a  negative  impact  of  a  large  volume  of 
pores  in  the  size  of  r  <  0 . 5 y  on  frost  resistance  of  the 
heavy  clay  materials".  Lange  and  Modry  (17)  reported  that 
concrete  specimens  made  of  limestone  aggregates  were  severly 
damaged  after  a  few   freezing   and   thawing   cycles.    These 

aggregates   had  "...a  distinct  maximum  of  the  existing  pores 

o         o 
in  the  range  of  the  radii  from  100  A  to  500  A".    They   also 

reported   that   concrete   specimens   made  of  aggregates  with 

o 
maximum  volume  of  pores  in  the   range   1000   A   to   5000   or 

o 
10,000   A,  resisted  a  substantially  higher  number  of  freeze- 

thaw  cycles.   Litvan  (12)  concluded  that:   "From   the   point 

of  view  of  frost  action,  pores  with  radii  in  the  range  of  40 

o         o 

A  to  300  A  can  cause  frost   damage   most   often".    Koh   and 

Kamada   (18)   investigated   the  frost  resistance  of  several 

blended  cement  pastes,  and  they  found  that  a  large  volume  of 

pores  in  the  range  0  . 1 5  \x  to  1  .  5  y  was  associated  with  low 
frost  durability. 

The  set  of  some  d,  and  d   values   previously   discussed 
is  summarized  in  Figure  II. 2.   It  is  observed  in  that  figure 
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that  most  of  the  d   values  are  within  the  range  from   1  u   to 

u  ° 

8\i;  such  difference  should  be  expected  because  of  the  dif- 
ferent severity  of  the  applied  freezing  and  thawing  cycles. 
In  addition  to  that,  the  different  materials  and  the  condi- 
tioning previous  to  testing  should  also  be  taken  as 
influencing  factors. 

A  retrospective  analysis  of  the  determination  of  dT  and 
d  seems  to  be  appropriated  at  this  point.  The  existence  of 
the  Lower  Limiting  value  d.  has  been  unquestioned;   although 

its   magnitude   has   been   a  matter  of  either  speculation  or 

2 
quantified  by  assuming  a  correspondence  with  R  ,  which   does 

not  provide  causal  evidence  in  support  of  the  value  thus 
obtained.  Most  of  the  efforts  have  been  directed  toward  the 
determination  of  d  ,  and  it  appears  that  its  value  is  in  the 
range  ly  to  8y .  Most  of  the  times  these  values  have  been 
obtained  by  direct  inspection  of  the  PSD  of  concrete  aggre- 
gates of  varying  frost  resistance. 

The  existence  of  fixed  limiting  pore  sizes,  dT  and   d  , 

L        u 

is  unlikely.  Their  respective  values  depend  on  the  expected 
minimum  temperature  in  the  case  of  <L   ,  and  it  depends  on  the 


rate  of  ice  formation  in  the  case  of  d 


An  estimate  of  the 


latter  pore  diameter  is  computed  in  Chapter  IV. 


Even  the  most  reasonable  estimate  of  those  limiting 
pore  sizes  can  not  guarantee  that,  after  the  corresponding 
volumes  of  pores  are   deducted   from   the   total   volume,   a 
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better  correlation  between  frost  susceptibility  and  the 
remaining  pore  volume  will  be  found.  This  is  understood  if 
the  basic  failure  mechanisms  postulated  by  Verbeck  and 
Langren  (19)  are  taken  into  consideration.  According  to 
Verbeck  and  Langren,  coarse  aggregates  can  contribute  to 
frost  damage  of  concrete  in  two  ways.  First,  by  expulsion 
of  water  into  the  surrounding  paste,  where  high  disruptive 
pressures  are  generated.  Second,  by  the  internal  failure  of 
the  aggregate  which  occurs  whenever  fine  pores  and  a  criti- 
cal aggregate  size  are  combined.  Both  types  of  failures 
have  been  reported  by  Scholer  (20),  Sweet  (13),  and  Brown 
(21). 


In  the  first  type  of  failure,  most  of  the  capillary 
pores  are  large  enough  to  preclude  the  generation  of  signi- 
ficant internal  hydraulic  pressure  in  the  coarse  aggregate. 
Presumably,  in  this  case,  most  of  the  pores  are  larger  than 
d  ,  and  the  pore  size  distribution  per  se  becomes  irrelevant 
as  an  explanatory  variable  with  respect  to  frost  damage. 
Therefore,  frost  damage  of  concrete  is  more  likely  to  be 
related  to  the  total  porosity.  On  the  contrary,  in  the 
second  type  of  failure,  there  is   a   significant   volume   of 

fine   pores   smaller   than   d  ,   and  internal  failure  of  the 

u 

aggregate  occurs.  It  is  in  this  situation  where  frost  dam- 
age is  expected  to  be  correlated  to  the  pore  size  distribu- 
tion of  the  aggregate. 
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II  .3   Correlation  Between  Frost  Durability  and  Pore  Size 
Distribution 

II. 3.1   Introduction 


Finding  an  empirical  correlation  between  freezing  and 
thawing  durability  of  concrete  and  the  pore  structure  of  its 
coarse  aggregate  fraction  poses  various  problems.  The  first 
problem  is  to  properly  characterize  measurable  attributes  of 
frost  durability  and  pore  structure.  For  the  purpose  of 
this  discussion,  frost  durability  and  pore  structure  are 
taken  as  dependent  and  independent  variables  respectively. 

Relative  frost  durability  of  concrete  has  been  measured 
by  attributes  such  as  visual  appearance,  weight  loss,  criti- 
cal expansion,  ASTM  Standard  C  666,  etc.  How  well  each  of 
these  attributes  represents  freezing  and  thawing  durability 
has  been  a  matter  of  discussion.  With  respect  to  the 
independent  variable,  several  characteristic  parameters  of 
the  pore  structure  have  been  already  mentioned.  Whatever 
the  measurable  attributes  of  frost  durability  and  pore 
structure  might  be,  they  must  be  closely  related  by  the  phy- 
sical mechanism  responsible  of  damage;  otherwise,  any  corre- 
lation attempt  may  be  unsuccessful. 

After  the  dependent  and  independent  variables  are  prop- 
erly selected,  the  second  major  problem  is  to  decide  the 
conditioning  of  the   materials   prior   to   testing,   and   to 
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define  the  characteristics  of  the  freezing  and  thawing 
cycle.  These  are  necessary  steps  in  any  laboratory  study. 
Powers  discussed  this  problem,  and  corresponding  recommenda- 
tions were  presented  in  reference  (8).  In  addition,  Polach 
reported  that  after  applying  severe  freeze-thaw  cycles  it 
was  not  possible  to  identify  any  correlation  between  frost 
resistance  and  pore  size  distribution.  After  the  severity 
of  the  cycles  was  reduced,  such  correlation  was  apparent 
(16). 


Finally,  the  details  of  two  basic  failure  mechanisms  by 
which  coarse  aggregates  contribute  to  frost  damage  of  con- 
crete were  discussed  by  Verbeck  and  Langren;  that  discussion 
points  to  the  following  question:  Is  it  possible  to  define 
a  single  empirical  model  to  estimate  frost  damage  of  con- 
crete due  to  both  failure  mechanisms?  Apparently  not, 
because  the  role  of  the  pore  size  distribution  (PSD)  of  the 
aggregate  is  completely  different  in  both  cases.  There  is 
no  obvious  link  between  PSD  and  frost  damage  whenever 
failure  by  expulsion  of  water  into  paste  takes  place,  except 
for  the  likely  association  with  the  total  porosity.  The 
inclusion  of  coarse  aggregates  prone  to  both  types  of 
failure  in  the  same  regression  analysis,  may  lead  to  a  dis- 
torted relation  between  frost  durability  and  PSD,  to 
unrepresentative  correlation  coefficients,  and  to  the 
occurrence  of  outliers  or  points  which  deviate  significantly 
from  the  general  trend  of  the  data,  if  there  exists  any. 
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Two  empirical  correlations  between  freezing  and  thawing 
durability  of  concrete  and  the  pore  structure  of  its  coarse 
aggregate  fraction,  have  been  reported  in  the  literature. 

Kaneuji,  Winslow,  and  Dolch  (11)  determined  an  empiri- 
cal correlation  between  frost  durability  of  concrete,  as  it 
is  measured  by  ASTM  C666-A,  and  the  pore  structure  of  the 
coarse  aggregates  used  in  the  concrete  mix.  The  pore  struc- 
ture was   characterized   by   two   parameters:    PV ,   mercury 

o 
intruded   volume   of   pores   larger   than   45   A   and  MD  the 

corresponding  median  diameter  of  such  pore  volume.  Thirteen 
vacuum  saturated  aggregate  samples,  whose  absorption  ranged 
from  0.89%  to  14.55%,  were  used  in  that  study;  the  following 
expression  was  obtained  by  multiple  regression  anaylsis 


EDF 


0.579 
PV 


+  6.12  MD  +3 .04 


(1) 


where  EDF  is  an   index   related   to   the   durability   factor 
defined  in  ASTM  C666-A. 

Expression  1,  combined  with  an  extensive  study  of  con- 
crete pavements  with  varying  extent  of  D-cracking,  was 
further  used  to  determine  border  values  for  accepting  or 
rejecting  coarse  aggregates  prone  to  D-cracking.  A  complete 
discussion  of  those  findings  is  presented  in  reference  (22). 


A  second  empirical  correlation  equation  was  reported  by 
Maage   (23).    This   equation   correlates  a  measure  of  frost 
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resistance    of     concrete    and    two    parameters     of     the    pore    struc- 
ture   of    concrete    aggregates;     it    has     the    following    form: 


6.2 
PV 


+    2.1     P0.03 


(2) 


whe  re  : 

F 

PV 

P0.03 


frost    resistance    number 

intruded    pore    volume 

pores    with    diameter    bigger    than    0.03p    in    percent 

of    PV 


As  can  be  observed  in  the  previous  approaches,  an 
empirical  expression  correlating  a  measure  of  durability  and 
pore  structure  is  initially  found;  then,  assuming  a 
correspondence  between  laboratory  results  and  field  perfor- 
mance, pavements  with  varying  extent  of  D-cracking  are 
analyzed  and  rated  according  to  the  empirical  equation. 
Using  those  results  and  the  physical  appearance  of  the  pave- 
ments, corresponding  border  values  are  defined. 

II. 3. 2   Approach  Used  in  This  Study 

Most  of  the  research  related  to  frost  durability  of 
concrete,  as  it  is  affected  by  coarse  aggregates  and  their 
pore  structure,  has  been  oriented  to  identify  aggregates 
potentially  deletereous.  This  is  just  one  aspect  of  the 
more  general  problem.  Other  aspects  of  the  same  problem, 
perhaps  more  important,  are: 
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1.  It  is  not  enough  to  identify  a  good  or  poor  aggregate 
on  the  basis  of  one  or  more  of  its  physical  properties. 
In  order  to  make  better  decisions  for  an  efficient  use 
of  varying  quality  aggregates,  it  is  necessary  to  con- 
ventionally define  how  good  a  good  aggregate  is,  as 
well  as  how  poor  a  poor  aggregate  is,  according  to  the 
extent  of  damage  that  it  produces  under  field  exposure. 
This  may  be  accomplished  by  the  development  of  a  rating 
scale  to  assess  the  potential  performance  of  concrete 
aggregates. 

2.  Once  the  quality  level  of  an  aggregate  or  production 
sample  has  been  rated,  the  next  question  is  what  per- 
missible amount  can  be  used  when  it  is  combined  with 
aggregates  of  different  quality? 


Two  basic  approaches  have  been  applied  to  accomplish 
the  objectives  stated  in  this  chapter.  The  first  approach, 
presented  in  II  .3.3,  consisted  of  a  comparative  analysis  of 
the  pore  size  distribution  of  frost  resistant  and  non- 
resistant  argillaceous  aggregates.  Emphasis  was  placed  on 
the  detection  of  any  distinctive  characteristic  of  argilla- 
ceous aggregates;  for  that  purpose  data  reported  in  refer- 
ence (24)  were  used.  In  the  second  approach,  presented  in 
II. 3. 4,  Discriminant  Analysis  was  used  to  identify  coarse 
aggregates  giving  rise  to  good  and  poor  field  performance  of 
concrete  pavements.   The  same  methodology  was  used  in  II. 3. 5 


23 

to  study  the  effect  of  different  proportions  of  varying 
quality  aggregates  on  frost  durability.  The  second  approach 
was  based  on  the  set  of  data  reported  in  reference  (22)  and 
some  data  reported  in  (25). 

II. 3. 3   Comparative  Analysis  of  Frost  Resistant  and  Non-resistant 
Argillaceous  Aggregates 

Extensive  laboratory  testing  has  been  conducted  on 
varying  quality  aggregates  used  in  the  State  of  Indiana.  In 
particular,  argillaceous  aggregates  were  recently  studied  by 
Shakoor  (25),  including  the  following  laboratory  determina- 
tions : 

Abs  or p  t ion 

Specific  Gravity 

Insoluble  Residue 

Unconfined  Freeze-Thaw  Losses 

Iowa  pore  Index 

Pore  Size  Distribution  (PSD) 

etc. 
Likewise,  laboratory  results   of   core   samples   taken   from 
pavements    deteriorated   under   field   exposure   were   also 
reported  in  the  same  reference. 


An  inspection  of  these  data  can  provide  convenient 
response  and  explanatory  variables,  and  further  analysis  of 
the  same  raw  data  may  be  performed  using  statistical  tech- 
niques or  other  convenient  methods.  In  this  section,  a  com- 
parative analysis  of  the  pore  structure  of   frost   resistant 
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and  non-resistant  argillaceous  aggregates  was  performed.  As 
a  result  of  this  exploratory  analysis,  an  apparent  contrast 
between  durable  and  non-durable  aggregates  was  found.  This 
contrast  can  be  observed  when  the  pore  size  distribution 
data    are    plotted    as 


AV  ,    vs  .     log    d  . 


whe  re: 


AV  .  =  volume  increment  intruded  by  the  j-th  pressure 
increment 
d   ■  lower  limit  of  pore  sizes  intruded  by  the  j-th 
pressure  increment 


Selected  samples  were  taken  from  reference  (24)  for 
this  comparative  analysis,  based  on  their  unconfined 
freeze-thaw  losses  after  50  cycles  (AASHTO  T103,  procedure 
A).  Some  of  them  were  relatively  durable  and  others  were 
non-durable.  Theses  samples  are  listed  in  Table  II. 1;  while 
in  Table  II. 2,  core  samples  taken  from  severely  surface 
deteriorated  pavements  are  shown. 
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Table  II. 1   Laboratory  Results  Reported  in  Reference  (24) 

Unconfined  Freeze-Thaw 
Sample  Losses  (%) 


LI 
L3 
L4 
L5 
Kll 
K12 

Tl 

T5 

K19 

K20 


2 

.5 

7 

.9 

2 

.6 

1 

.6 

1 

.5 

3 

.6 

46 

.3 

61 

.0 

83 

.6 

80 

.7 

Abs  orp  t  ion 

(%) 

(ASTM  < 

:  127) 

0 

.86 

2 

.50 

1 

.96 

1 

.83 

2 

.70 

2 

.45 

5 

.13 

4 

.86 

5 

.50 

6 

.75 

Table  II. 2   Unsound  Aggregates  on  the  Basis  of  Field 
Performance,  Reference  (24) 

Sample  Absorption  (%) 


I  265-C3  4.5 

I  265-C5  4.5 

US  24-SR115-C2  4.1 

US  24-STN4-C8  4.3 


A  summary  of  AV  vs.  log  d.  plots  including  all  the  samples 
listed  in  tables  II. 1  and  II. 2,  is  given  in  Figures  II. 3,  4, 
5 ,  and  6 . 

Figure  II  .3  shows  the  pore  size  distribution  of  six 
aggregate  samples  whose  percent  losses  range  from  1 .5%  to 
3.6%,  and  only  one  sample  with  7.9%  losses.  These  are 
freeze-thaw  resistant  aggregates.  Figure  II. 4  shows  the 
pore  size  distribution  of  four  aggregate  samples  whose  per- 
cent losses  range  from  46.3%  to  83.6%.  These  are  frost 
non-resistant  aggregates. 
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Figure  II. 3 


Pore  Size  Distribution 
L4,  L5,  Kll  and  K12 


of  Samples  LI,  L3 , 
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Figure  II. 4   Pore  Size  Distribution  of  Samples  Tl   T5 
K19,  and  K20 
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Figure    II. 5      Pore    Size    Distribution    of    Samples    I265-C3 
and    I265-C5 


29 


US  24-SRII5 
C2 


US24-STN  4 
C8 


10 


-6 


Figure    II. 6       Pore    Size    Distribution    of    Samples    US24-SR115-C2 
and    US24-STN4-C8 
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The  comparison  between  resistant  and  non-resistant 
aggregates  indicates  some  distinctive  characteristics  of 
their  pore  structure.  All  the  samples  of  argillaceous 
aggregates  under  consideration  have  most  of  their  pore  sizes 
smaller  than  about  0.6u,  except  for  K20 .  Both  sets  of  sam- 
ples, resistant  and  non-resistant,  have  characteristic  peaks 

—  1  —  1         —  o 

in  the  ranges  from  10°  to  10   u,  and   from   10     to   10   y  . 

However,  a  distinctive  characteristic  seems  to  be  associated 

to  the   non-resistant   samples:   they   have   a   considerable 

volume   of   pores   smaller  than  about  10   y;  particularly  in 

-1        -2 
the  range  between  10    and  10   u .   It  is  also  interesting  to 

observe  that  there  is  a  direct  proportionality  between  (%) 
losses  and  the  volume  of  pores  previously  indicated.  This 
proportionality  can  be  observed  by  inspecting  samples  Kl 1 , 
K12,  and  L3,  which  have  approximately  the  same  total  poros- 
ity,  but  their  respective  proportions  of  pores  in  the  range 

-1-2 

10  to  10  u  increases  as  it  does  their  corresponding  per- 
cent losses. 

In  Figures  II  .5  and  II. 6,  the  pore  size  distribution  of 
aggregates  that  were  severely  deteriorated  in  situ  are 
shown.  The  same  pattern  of  intruded  volumes  observed  for 
non-resistant  samples  is  also  noticed  in  these  samples. 

11  .3  .4   Discriminant  Analysis 


For  the  purpose  of  reducing  several  sources  of  uncer- 
tainty from  the  anaylsis,  it  is  convenient  to  establish  a 
direct   correlation   between   the    freezing    and    thawing 
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durability  of  concrete  pavements  and  the  pore  structure  of 
their  composing  coarse  aggregates.  Such  correlation  between 
in  situ  frost  durability  of  pavements  and  pore  structure  of 
aggregates,  implies  that  both  variables  must  be  systemati- 
cally characterized  and  measured.  In  this  discussion  frost 
durability  and  pore  structure  are  defined  as  the  dependent 
and  independent  variables  respectively. 

Pore  structure  can  be  characterized  by  the  pore  size 
distribution  (PSD)  of  the  porous  matrix,  and  measured  by 
mercury  porosimetry.  Frost  durability  is  an  attribute  not 
so  easily  quantified.  A  direct  manifestation  of  frost  dura- 
bility of  concrete  pavements  is  their  appearance  and  struc- 
tural integrity  over  time,  their  extent  of  distress  or 
deterioration.  The  extent  of  distress  of  pavements  can  be 
quantified  in  various  ways;  the  specific  method  to  be  used 
always  depends  on  the  intended  application  of  the  results. 
Frequently,  conventional  measurements  are  defined  and 
corresponding  scales  are  constructed,  which  combined  yield 
"durability  indices". 


The  definition  of  a  measure  of  frost  durability,  and 
its  corresponding  scale,  is  a  very  important  step  because  it 
controls  the  type  of  manipulations  and  mathematical  analysis 
that  can  be  performed  with  the  data  set  thus  obtained. 
Campbell  (26),  Stevens  (27),  and  Nunnally  (28),  give  a  clas- 
sification of  different  measurement  scales,  their  proper- 
ties, and  the  kind  of  valid  mathematical  analyses   that   can 
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be   applied   to   the   data   obtained  in  each  case.   Specific 
examples  of  scales  to  measure  extent  of  deterioration  are: 

1.  Portland  Cement  Association  (PCA)  scale  for  rating  the 
extent  of  deterioration  of  concrete  pavements  due  to 
D-cracking  (29). 

2.  NYDOT  scale  for  measurement  of  structural  condition  of 
concrete  and  bituminous  pavements,  regardless  of  the 
source  of  distress  (30). 

Both  scales  are  visual  and  basically  ordinal   in   the   sense 
described  by  Stevens  (27)  and  Nunnally  (28). 

The  form  of  the  correlation  between  two  or  more  vari- 
ables is  commonly  determined  by  multiple  regression 
analysis;  however,  in  order  to  apply  this  method,  the  depen- 
dent and  independent  variables  must  be  quantitatively  meas- 
ured using  an  interval  or  a  ratio  scale.  Most  often  this  is 
not  the  case  when  the  extent  of  D-cracking  is  evaluated  in 
situ,  and  other  methods  like  Discriminant  Analysis  may  be 
used.  Discriminant  Analysis  is  a  statistical  technique  use- 
ful for  grouping  several  items  on  the  basis  of  one  or  more 
quantitative  characteristics  or  attributes  (31,  32).  It  is 
also  used  for  classifying  single  items  into  one  of  two  or 
more  pre-defined  groups,  based  on  quantitative  attributes  of 
those  items.  In  the  present  study  the  later  approach  has 
been  applied  as  follows.  Assume  two  groups  of  pavements 
with  different  extent  of  D-cracking,  Gl  and   G2 ,   where   the 
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pore   structure   of  the  composing  coarse  aggregates  is  known 

in  each  case.   The  first  step  of  the  analysis  is  to  obtain  a 

function  F  which  can  discriminate  between  Gl  and  G2  by  using 
some  measurement  of  the  pore  structure. 


Gl 


G2 


F  (Pore  Structure) 


or 


D  =  F  [(  PSD)] 


(3) 


whe  re : 


Gl  ,  G2   ■  groups  of  pavements  classified  according  to 

extent  of  D-cracking 
F        =  Discriminant  function 
(PSD)    ■  an  alternative  characterization  of  the  pore 

s  tructure 
D        =  discriminant  score  which  differentiates 

between  both  groups 


The  discriminant  function  F  can  be  estimated  from  a 
selected  sample  of  pavements  whose  perspective  field  perfor- 
mance and  the  PSD  of  its  coarse  aggregate  fraction  are 
known.    After   the   discriminant   function  is  obtained,  the 
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potential  extent  of  distress  due  to  an  aggregate   with   unk- 
nown field  record  can  be  estimated  using  expression  (3). 

In  previous  sections  of  this  chapter,  the  correlation 
between  frost  durability  and  one  or  more  parameters  derived 
from  the  pore  structure  was  discussed;  in  this  section  the 
correlation  between  frost  durability  and  direct  measures  of 
the  pore  struction  is  intended.  Such  direct  correlation 
simply  implies  that  the  cummulative  PSD  be  broken  in  its 
component  volumes  associated  with  different  ranges  of 
intruded  pore  sizes.  The  basic  idea  behind  this  approach  is 
not  to  lose  the  information  that  may  be  contained  in  the 
component  volumes  of  the  pore  structure,  by  using  summary 
measures  of  its  PSD.  Stating  the  analysis  in  this  manner, 
the  relative  significance  of  the  intruded  volume  in  dif- 
ferent ranges  of  pore  sizes  can  be  empirically  investigated. 
The  component  volumes  can  be  determined  during  the  process 
of  intrusion,  or  they  can  be  obtained  from  the  cummulative 
PSD  as  is  shown  in  Figure  II. 7.  After  those  computations, 
the  PSD  of  any  i-th  piece  of  aggregate  can  be  represented  as 
f o  1  lows : 

(PSD)i  :   UVU},  {AV2i}, <AVni}  =  UVji} 

whe  re : 

{AV   }  =  intruded  volume  in  the  j-th  size  range  of  the  PSD 
of  the  i-th  piece  of  aggregate 
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Frequently  concrete  is  made  of  coarse  aggregates  of 
different  freeze-thaw  resistance,  included  in  different  per- 
centages in  the  mix.  In  order  to  take  into  consideration 
such  differences  of  resistance  and  the  respective  propor- 
tions of  those  aggregates  in  the  whole  mix,  it  is  necessary 
to  postulate  and  define  the  equivalent  pore  size  distribu- 
tion concept.  Assuming  the  existence  of  some  critical  pore 
sizes,  the  more  each  aggregate  contributes  to  the  total 
volume  of  those  pores  the  less  durable  the  concrete  is 
expected  to  be,  and  vice  versa.  This  assumption  also 
implies  that  the  relative  influence  of  each  aggregate  is 
directly  proportional  to  the  percentage  in  which  it  occurs 
in  the  concrete  mix. 


The  equivalent  pore  size  distribution  concept  is  a 
method  of  characterizing  the  entire  coarse  aggregate  frac- 
tion of  concrete.  It  is  useful  for  analyzing  and  estimating 
the  potential  freezing  and  thawing  durability  of  concrete  by 
the  use  of  equation  (3).  The  definition  of  this  concept  is 
as  follows.  Assume  a  concrete  mix  whose  coarse  aggregate 
fraction  can  be  classified  according  to  m  groups;  the  pro- 
portion of  aggregates  in  the  m-th  group  is  P  (%)  and  the 
pore  size   distribution   representative   of   that   group   is 

(PSD)  ,  as  is  indicated  in  Table  II  .3 
m 
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Table  II .3   Coarse  Aggregate  Fractions  in  a  Concrete  Mix 


Megascopic 
Class  if  icat  ion 


(%) 


PSD 


1 
2 


(PSD) 
(PSD), 


m 


m 


(PSD) 


m 


I    100% 

After  each  pore  size  distribution  is  re-expressed  as 
described  in  Figure  II. 7,  they  can  be  arranged  for  further 
computations.  In  this  section  the  computation  of  the 
equivalent  PSD  is  illustrated  with  a  simplified  case  of  two 
different  aggregates  and  their  respective  percentages  p,  and 
p_,  and  pore  size  distributions  (PSD)1  and  (PSD)„.  In  addi- 
tion, the  number  of  pore  size  ranges  in  each  PSD  is  reduced 
to  two.  After  the  basic  expressions  are  derived,  they  are 
extended  to  the  general  case  by  induction. 

From  Figure  II. 8,  adding  the  respective  volume  incre- 
ments in  each  pore  range  of  the  two  pore  size  distributions, 

and  taking  into   consideration   the   aggregate   percentages, 

yields 


AV1    "    AV11     pl    +    AV12     p2 


(4) 


AV. 


AV21     p1    +    AV22     p2 
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A^   =   AVn   /°1+AV21/^2 
AV2  =  AV)2  P^&j22p2 


Figure  II. 8   Determination  of  Equivalent  Pore  Size 
Distribut  ion 
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where    AV       and    AV~     are    the    equivalent     volume    of    pores     in       the 
first    and    second    pore    size    ranges     respectively. 

In  general,  assuming  m  aggregate  fractions  and  the 
PSD's  subdivided  in  n  pore  ranges,  the  equivalent  pore 
volume    in    the    j-th    pore    size    range    is    given    by 


AV  . 
J 


m 

E    AV 


jL     '     pL 


(5) 


L=l 
j=     I »     2,     n 

From  the  later  equation,  the  complete  equivalent   PSD   could 

be  represented  by 


AV, 


AV, 


AV 


AV 


11     pl     +    AV12     p2    +    •••    +    AVlm    Pm 
21     pl    +    AV22     P2    +    ••••    +    AV2m    pm 


AV       =    AV  p.     +    AV     .     p.    +     .  .  .  .     +    AV  p 

n  nl       1  n2     K2  nm 

which    can    be    re-expressed    as 


m 


AV, 


AV, 


AVU     AV12     '••     AVlm  Pl 

AV^     AV22     ...     AV2m  p2 


or    s  imp ly 


AV 


AV  AV    0     .  .  .     A  p 

nl  n2  nm  Km 


(6) 


(AVjxl>    =    [AVj±]     {Plxl} 
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Notice  that  each  column  of  the  matrix  [  AV   ]  represents   the 

PSD   associated   with  each  aggregate  classification  included 

in  the  concrete  mix;  likewise,  the   proportion   of   each   of 

those  aggregate  classifications  is  represented  by  {p   .}. 

jx  1 

Assessing  the  potential  field  performance  of  concrete 
based  on  its  equivalent  PSD,  as  it  is  given  by  equation  (6), 
requires  that  the  discriminant  function  be  estimated  first. 
In  this  study  the  discriminant  function  was  estimated  using 
a  set  of  data  reported  in  reference  (22);  these  data  were 
gathered  from  a  field  survey  of  Indiana  pavements  which  were 

in  a  wide  state  of  distress.  Such  state  of  distress  was 
rated  according  to  an  existing  scale  developed  by  the  Port- 
land Cement  Association  (PCA).  Basically,  this  PCA  scale  is 
as  f  ollows 

PCA  Scale 
0         12         3         4         5 

>  Increasing  deterioration 

It  is  an  ordinal  scale  where  0  corresponds  to  excellent 
field  performance,  no  D-cracking  is  observed  at  the  time  of 
inspection,  and  5  corresponds  to  severe  deterioration  : 
extensive  D-cracking  and  structural  damage  of  the  pavement. 
There  is  no  quantitative  relationship  between  any  pair  of 
scores  in  the  scale.  Lindgren  gives  detailed  information 
related  to  each  surveyed  pavement  in  reference  (22);  some  of 
the  data  included: 
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1 .  PCA  rating 

2.  Age  of  the  pavement 

3.  At  least  one  core  was  taken  for  laboratory  study 

From  each  core,  after  it  was  longitudinally  sliced  and  pol- 
ished, the  following  information  was  obtained  in  the  labora- 
tory. 

1.  Macros copica 1  classification  of  each   piece   of   coarse 
aggregate. 

2.  Proportion   of   each   aggregate    fraction    classified 
according  to  1. 

3.  Representative  PSD  of  each  fraction   occurring   in   the 
core . 


The  total  number  of  pavements  surveyed  by  Lindgren  was 
reduced  to  two  selected  groups;  each  group  consisted  of 
excellent  and  poorly  performed  pavements  respectively.  It 
was  decided  to  use  these  two  extremes  of  the  scale  because 
it  is  not  known  if  intermediate  groups  might  be  in  a  transi- 
tory state  toward  further  deterioration.  The  screening  of 
data  to  get  each  group  was  based  mostly  on  the  PCA  rating 
combined  with  the  age  of  each  pavement.  The  total  number  of 
pavements  thus  obtained  was  increased  with  the  addition  of 
other  results  reported  by  Kaneuji  in  reference  (25).  The 
set  of  data  used  for  the  estimation  of  the  Discriminant 
Function  is  shown  in  Table  11.4. 
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Table  II  .4   Selected  Group  of  Pavements  from 
References  (22)  and  (25) 


G  roup 


Samp le 


PCA  ratin 

0 

0 

0 

0 

0 

0 

0 

0 

.5 

0 

0 

1 

,0 

0 

0 

0 

1 

,0 

3 

.5 

4 

.5 

4 

.5 

3 

.5 

5 

.0 

3 

.5 

4 

.0 

2 

.5 

2 

.5 

Age  (Yrs.) 


II 


A81 

B01 

C31 

C41 

C61 

C81 

C101 

H51 

J21 

N31 

T21 

N41 

041 

P01 

Pll 

A001 

C01 

C53 

Mil 

M31 

M51 

N01 

M21 

T51 

301* 

Ke-1* 

L03 

302* 

695* 

3  .0 


15 

13 
16 
15 

17 

16 
13 

14 
15 
17 
22 
25 
12 
14 
22 

3 
20 
17 
14 
26 
29 
26 
20 
22 
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*  Field  samples  reported  by  M.  Kaneuji  (25). 


The  entire  range  of  pore  sizes  measurable  by  mercury  poro- 
simetry  was  subdivided  in  several  pore  size  ranges,  arbi- 
trarily selected.   These  size  ranges  were: 
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Table  II. 5   Arbitrary  Pore  Size  Ranges  and  Corresponding 

Limits 


Pore  size   Limits  Pore  size     Limits 
range  No.    (u)    range  No.      (u) 


Pore  size    Limits 
range  No .     ( y ) 


01 

d>10 

06 

0.4<d<0  .6 

11 

.03<d<.05 

02 

4<d<10 

07 

0  .2<d<0  .4 

12 

.02<d<.03 

03 

2<d<4 

08 

0.1<d<0.2 

13 

.01<d<.02 

04 

l<d<2 

09 

.07<d<0  .1 

14 

.007<d<.01 

05 

0  .6<d<l 

10 

•05<d<.07 

15 

.004<d<.007 

using  these  pore  size  ranges  and  equation  (6),  the 
equivalent  PSD  of  each  pavement  indicated  in  Table  II  .4  was 
computed.  Then  the  best  sets  of  pore  size  ranges  were  found 
with  the  computer  program  DISCR  of  the  Library  of  Programs 
of  the  Purdue  University  Computing  Center  (PUCC).  The  best 
sets  of  12,  10,  8,  and  6  size  ranges  were  computed  in  order 
to  check  the  consistency  of  the  present  approach.  Only  the 
first  set  of  size  12  is  discussed  in  this  section  to  illus- 
trate the  method  of  analysis. 


In  this  analysis,  the  dependent  variable  is  pavement 
performance,  which  is  either  excellent  or  poor,  groups  I  and 
II  respectively.  The  independent  variable  is  the  pore 
structure  characterized  by  the  equivalent  PSD  of  each  pave- 
ment, and  reduced  to  the  best  set  of  12  pore  size  ranges. 
The  program  DISCR  yields  the  following  subset  of  the  best  12 
size  ranges : 
{01,  02,  03,  04,  05,  06,  08,  09,  10,  11,  12,  15} 
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Discriminant  analysis  was  performed  in  order  to  find 
the  discriminant  function  which  classifies  each  pavement  in 
one  of  two  groups 


GROUP     1  1 


D    = 


5Q    +    Bj     AVj    +    02     AV2    +     +    Bn    AVn 


whe  re: 


D 

6 


AV  . 
3 


Discriminant  Function  F 

discriminant  score 

j-th  discriminant  coefficient 

intruded  volume  in  the  j-th  pore  size  range 

-3 
(  x  10    cc/gm) 


The  function  F  was  found  with  the  program  DISCRIMINANT  of 
the  Statistical  Package  for  Social  Sciences  implemented  in 
the  PUCC  .  As  a  result  of  the  analysis,  each  pavement  was 
grouped  according  to  its  discriminant  score  D  as  it  is  indi- 
cated   in    Figure    II. 9    and    the    discriminant    function    was 


D    -    1.824    +    0.393    &V.    +    0.220    AV 4    -    1.555    AV&    -    1.561     AVg 
+    5.176    AVg    -    2.678    AV1Q    -    4.229    AVn 


+    3  .080     AV         +    2  .276     AV15 


(7) 
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In  Figure  II. 9  can  be  noticed  that  pavements  with 
excellent  field  performance  are  grouped  with  positive 
discriminant  scores,  and  pavements  with  poor  performance  are 
grouped  with  negative  discriminant  scores. 

Some  observations  are  pertinent  in  respect  of  these 
results : 

1.  100%  of  the  pavements  rated  as  excellent  were  classi- 
fied in  the  right  group,  Group  I;  100%  of  the  pavements 
rated  as  poor  were  classified  in  the  right  group,  Group 
II.  In  Figure  II. 9  there  is  no  overlap  between  the 
group  of  pavements  with  excellent  and  poor  field  per- 
formances. It  means  that  the  discriminant  score  D, 
quantified  with  equation  (7),  is  an  alternative  manner 
to  differentiate  between  both  extreme  performances. 
The  larger  the  discriminant  score  (D>>0),  the  more 
likely  the  pavement  belongs  to  GROUP  I;  the  smaller  the 
discriminant  score  (D<<0),  the  more  likely  the  pavement 
belongs  to  GROUP  II. 

2.  From  the  inspection  of  the  empirical  model  represented 
by  expression  (7),  two  important  characteristics  can  be 
detected  . 


a.  There  is  an  alternate  change  of  signs,  which 
may  reflect  the  connectivity  of  the  porous 
matrix,  as  internal  flow  occurs. 
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b.  The  relative  effect  of  the  intruded  volume  in 
each  pore  size  range,  may  be  assessed  by  the 
sign  and  magnitude  of  its  discriminant  coef- 
ficient. For  instance  the  relative  abundance 
of  pores  larger  than  1  u,  reflected  in  AV 1  and 
AV,  yields  a  positive  discriminant  score 
which  corresponds  to  an  excellent  field  per- 
formance . 


In  addition,  the  same  unit  intruded  volume  in 
AV,  and  AV  ,  and  in  AV  and  AV  ^  1  ,  is  more  detrimental 
in  the  later  pore  size  ranges  than  in  the  former;  this 
is  reflected  in  the  negative  signs  and  the  relative 
magnitude  of  their  discriminant  coefficients. 

3.  The  usefulness  of  the  Equivalent  Pore  Size  Distribu- 
tion, as  a  working  concept  for  making  inferences  about 
actual  concrete  pavements,  seems  to  be  supported  by  the 
fact  that  it  was  able  to  discriminate  between  Groups  I 
and  II  . 

4.  Only  two  groups  of  pavements  with  extreme  performances, 
excellent  and  poor,  have  been  included  in  this 
analysis.  Before  any  other  intermediate  group  of  pave- 
ments is  defined  and  included  in  a  similar  analysis, 
more  theoretical  work  should  be  done  to  develop  a  rat- 
ing scale  and  to  understand  the  complex  relation 
between  frost  durability  and  pore  structure. 
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5.  The  same  methodology  previously  described  could  be 
applied  when  the  data  set  is  composed  by  single  pieces 
of  aggregates  whose  field  performance  and  PSD  are 
known.  In  this  case,  the  equivalent  PSD  given  by  equa- 
tion (6)  is  reduced  to  the  trivial  solution  when  there 
is  only  one  aggregate  (m=l)  and  p.  =  100%. 

The  applicability  of  expression  (7)  to  identify  coarse 
aggregates  prone  to  D-cracking,  was  further  analyzed  using  a 
selected  number  of  rock  samples  thoroughly  studied  by 
Shakoor  (24).  Two  sets  of  samples  were  selected.  The  first 
set  corresponds  to  argillaceous  aggregates  with  high  percent 
losses  due  to  unconfined  freezing  and  thawing;  because  of 
such  high  losses,  the  aggregate  samples  are  expected  to  be 
potential  contributors  to  D-cracking. 


The  second  set  corresponds  to  pieces  of  failed  aggre- 
gates taken  from  the  top  of  concrete  cores  obtained  from 
surface  deteriorated  pavements.  Both  sets  are  indicated  in 
Table  II  .6  . 
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Table  II. 6   Discriminant  scores  of  Aggregate  samples  Studied 

by  Shakoor  (24) 


Aggregate 
Samp le 


Losses 
(%) 


Discriminant 
Score 


** 


Laboratory  Samples 


Tl 

T5 

K19 

K20 


46  .3 
61  .0 
83.6 
80.7 


-23  .97 
-33  .50 
-21  .47 
-28.20 


Field  Samples 


I265-C3 

I265-C5 
US  24-SR115-C2 
US  24-STN4-C8 


-17  .34 

-12  .64 

6  .04 

-10  .08 


*  After  50  unconfined  freezing  and  thawing  cycles 
**  Computed  by  equation  (7) 


From  the  inspection  of  the  data  presented  in  Table 
II. 6,  it  is  found  that  all  the  aggregate  samples  potentially 
deletereous  under  freezing  and  thawing  (Tl,  T5,  K19,  and 
K20)  show  a  highly  negative  descriminant  score.  Likewise, 
all  the  field  samples,  except  one,  also  show  highly  negative 
discriminant  scores.  Both  data  sets  show  a  consistently 
negative  discriminant  score  which,  according  to  the  analysis 
previously  presented  and  from  Figure  II. 9,  is  characteristic 
of  aggregate  samples  prone  to  D-cracking.  There  is  one 
exception  in  these  results,  sample  U S24-SR1 1 5-C2,  which  may 
be  explained  by  the  fact  that  all  those  field  samples  are 
involved  in  a  surface  type  of  failure.  This  type  of  failure 
is  associated  with  the  presence  of  deicing  salts  and  at  the 
present  time  it  is  not  known  if  D-cracking  will  also  take 
place  in  the  future.   The   possible   mechanisms   of   surface 
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failure  are  discussed  in  Chapter  III  of  this  study. 

At  this  point,  it  should  be  recognized  that  expression 
(7)  is  an  empirical  model;  as  such,  regardless  of  how  well 
or  how  poorly  it  represents  the  occurring  physical 
phenomenon,  it  is  not  expected  to  correctly  identify  the 
potential  performance  of  aggregates  100%  of  the  time.  This 
is  because  of  the  large  number  of  factors  involved  in  D- 
cracking.  However,  the  predicting  power  of  the  model  can  be 
improved  by  continuous  maintenance,  which  means  that  the 
data  used  to  derive  the  model  should  be  periodically 
increased  with  additional  samples.  In  addition,  the  assump- 
tions behind  the  entire  approach  should  also  be  verified  or 
modified  as  the  theoretical  knowledge  of  the  phenomenon 
imp  roves  . 

It  was  mentioned  at  the  beginning  of  this  chapter  that 
some  discrepancies  may  exist  between  laboratory  and  field 
resistance  of  concrete  to  freezing  and  thawing.  In  this 
regard  various  possible  causes  were  indicated.  However, 
despite  these  possible  differences,  the  relative  performance 
of  concrete  aggregates  can  be  estimated  by  laboratory  tests. 


Kaneuji  (25)  conducted  several  laboratory  experiments 
dealing  with  the  freeze-thaw  resistance  of  concrete.  He 
used  various  aggregate  samples  selected  ad  hoc,  and  their 
PSD  was  measured  by  mercury  porosimetry.  The  relative  frost 
resistance  of  concrete  made  of  those  aggregates,  was   deter- 
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mined  by  ASTM  C666-A  method  and  by  a  modified  critical  dila- 
tion test.  Coarse  aggregates  performing  extremely  badly  or 
extremely  well  in  these  tests  are  likely  to  exhibit  the  same 
pattern  of  performance  under  field  exposure.  Assuming  that 
this  is  reasonably  correct,  such  pattern  of  performance 
should  also  be  reflected  by  the  discriminant  scores  associ- 
ated to  each  sample  studied  by  Kaneuji. 

Some  of  the  results  reported  in  reference  (25)  are 
shown  in  Table  II. 7,  as  well  as  the  corresponding  discrim- 
inant scores  computed  with  equation  (7). 


According  to  the  sign  and  magnitude  of  their  discrim- 
inant scores,  and  from  Figure  II. 9,  concretes  made  of  aggre- 
gates BR-3,  Ke-1,  H-l,  BR-5,  BR-1,  and  MB  are  expected  to 
experience  severe  D-cracking.  On  the  contrary,  concretes 
made  of  aggregate  samples  BM-1  and  F-2  are  expected  to  show 
excellent  performance.  There  is  no  clear  cut  classification 
for  aggregates  CC-1,  McC,  and  K  because  their  discriminant 
scores  are  located  neither  in  Group  I  nor  in  Group  II,  but 
in  between.  They  may  be  assumed  to  give  rise  to  intermedi- 
ate performance.  Finally,  sample  PC-1  was  not  properly 
classified  according  to  its  discriminant  score  and  its 
expected  performance. 
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Table  II. 7.   Discriminant  Scores  of  Aggregate 

Samples  Studied  by  Kaneuji  (25) 

-6*       **      *** 
Sample    Absorption  (%)    e  x  10       NDF       D 


BR-3 
CC-1 

K  -1 

e 

H-l 

F-2 

McC 

BR-5 

BR-1 

PC-1 

MB 

K 

o 

BM-1 


14  .6 
11  .8 
10  .1 
9.3 
9.7 
8.9 
7  .7 
5  .8 
4  .7 
3  .4 
2  .5 
2.9 


500 

8 

.9 

-43.52 

131 

36 

.0 

+  1  .05 

197 

19 

.6 

-  3.76 

500 

3 

.5 

-31  .48 

0 

46 

.5 

+  1  .98 

250 

27 

.2 

+  0.18 

157 

15 

.3 

-14  .95 

300 

19 

.9 

-47  .53 

236 

16 

.7 

+  13  .0 

194 

35 

.6 

-  8.94 

283 

31 

.8 

+  1  .39 

0 

78 

.1 

+  8.89 

*  Critical  dilation 

**  Normalized  durability  factor 

***  Discriminant  score  computed  with  equation  (7) 

II. 3. 5   Permissible  Amount  of  Deletereous  Aggregates 


The  severity  of  freezing  and  thawing  damage  of  concrete 
attributable  to  the  coarse  aggregate  fraction,  variates  from 
nil,  regardless  of  the  number  of  freeze-thaw  cycles,  to 
almost  complete  des int egrat ion  in  a  few  cycles.  Both 
extreme  responses  are  found  whenever  very  good  or  very  poor 
aggregates  are  used.  Most  often,  the  coarse  aggregate  frac- 
tion is  composed  by   aggregates   of   varying   quality   which 


53 

produce  concrete  of  intermediate  frost  resistance.  Before 
this  more  general  case  is  discussed,  the  analysis  of  a  par- 
ticular case  is  in  order. 

How  does  the  freezing  and  thawing  damage  to  concrete 
vary  as  the  percentage  of  deletereous  aggregates  increases? 

In  1948,  Sweet  performed  several  experiments  related  to 
this  question  (13).  Aggregates  with  known  field  performance 
were  used  in  his  experiments;  the  physical  properties  of 
some  of  them  are  given  in  Table  II. 8. 


Table  II. 8   Data  Reported  in  Reference  (13) 


Aggregate 
Sample 


Field 
Perf  ormance 


Vacuum 
Abs  orp  t ion  (%  ) 


Percent 
Loss  es 


67-2S 

Good 

0.8 

4.7 

82-1G 

Bad 

2  .6 

27  .2 

35-2S  ch** 

Bad 

6.2 

63.7 

9-lS 

Bad 

8  .3 

8.5 

*  After  50  unconfined  freeze-thaw  cycles  **  Chert   aggre- 
gate 


Each  bad  aggregate  source  was  combined  with  the  good 
aggregate  in  different  percentages  ranging  from  0%  to  100%. 
With  each  of  these  combinations  of  aggregates,  prismatic 
concrete  specimens  were  fabricated  and  subjected  to  freezing 
and  thawing  cycles.  The  number  of  cycles  to  get  a  30%  loss 
in  dynamic  modulus  of  the  testing  specimens  is  shown  in  Fig- 
ure 11.10,  against  the  corresponding  percentages  of  bad 
aggregates.  From  this  figure,  and  the  results  presented  in 
Table  II. 8,  the  following  observations  can  be  made: 
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(%) 


Figure  11.10   Freeze-Thaw  Resistance  Versus  (%)  of  Varying 
Quality  Aggregates 
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1.  Aggregates  82-1G  and  35-2S  ch  are  likely  to  contribute 
to  failure  of  the  prismatic  testing  specimens  by  the 
critical  distance  mechanism.  The  later  aggregate 
source  seems  to  be  less  frost  resistant  than  the 
former.  The  third  bad  aggregate  is  relatively  frost 
resistant  and  it  seems  to  contribute  to  failure  by  the 
expulsion  of  water  into  the  surrounding  paste  mechan- 
ism. 

2.  From  the  general  trend  observed  in  Figure  11.10,  it 
appears  that  coarse  aggregates  which  fail  by  the  criti- 
cal distance  mechanism  are  more  detrimental  to  con- 
crete, than  those  aggregates  which  produce  failure  by 
expulsion  into  paste. 

3.  The  permissible  amount  of  deletereous  aggregates  obvi- 
ously depends  on  the  tolerable  level  of  damage.  Assum- 
ing two  arbitrary  levels  corresponding  to  a  30%  loss  of 
dynamic  modulus  at  100  and  50  freeze-thaw  cycles, 
results  in  the  following  estimated  permissible  percen- 
tages. 


Table  II. 9   Permissible  Percentages  of  Deleterous  Aggregates 


Number  of 
Cycles 


Aggregate 
Sample 


Percentage 
(%) 


100 


50 


35-2S  ch 

9-1S 
82-1G 

35-2S  ch 

9-1S 
82-1G 


10 
15 
26 

13 

25 
45 
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The  most  important  thing  to  be  noticed  in  Table  II. 9  is 
the  order  of  magnitude  of  the  permissible  percentages,  and 
how  they  variate  as  a  function  of  the  more  likely  failure 
mechanism.  Two  data  sets  are  particularly  important  for 
comparative  purposes.  Whenever  the  failure  mechanism 
involved  is  critical  distance,  as  in  aggregate  35-2S  ch ,  the 
permissible  percentage  seems  to  be  very  small;  it  is  about 
10%.  This  value  is  also  supported  by  data  reported  by 
Walker  et  al  (33).  For  aggregate  9-1S,  which  produces 
failure  by  the  expulsion  mechanism,  the  permissible  percen- 
tage is  about  15%  for  100  cycles  and  25%  for  50  cycles. 
This  aggregate  has  a  very  high  absorption,  8.3%.  In  con- 
trast to  35-2S  ch,  aggregate  82-1G  also  is  likely  to  fail  by 
critical  distance,  but  its  absorption  is  only  2.6%.  Its 
permissible  amount  for  100  cycles  is  about  26%. 

From  these  data  it  appears  that,  except  for  extremely 
bad  sources,  the  permissible  amount  of  deletereous  aggre- 
gates for  100  cycles  is  about  15%  to  26%  of  all  the  aggre- 
gates in  the  concrete  mix.  However,  the  validity  of  these 
limiting  values  is  questioned  according  to  the  following 
discussion. 


Permissible  percentages  obtained  from  standard  freezing 
and  thawing  tests,  using  small  beams  as  testing  specimens, 
may  not  be  entirely  valid  or  extrapolated  to  actual  struc- 
tural prototypes  because  of  the  geometrical  considerations 
involved.   Assume  a  standard  prismatic  testing   specimen   as 
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Figure  11.11   Deletereous  Aggregate  in  the  Center  of  Test 
Specimen 
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it  is  shown  in  Figure  11.11. 

A  single  piece  of  aggregate  experiencing  internal 
failure  by  the  critical  distance  mechanism,  can  give  rise  to 
tensile  strains  along  the  X,  Y,  and  Z  axis  shown  in  Figure 
11.11.  This  state  of  strains  and  the  corresponding  tensile 
stresses,  may  be  so  severe  that  a  single  piece  may  produce 
the  structural  failure  of  the  specimen  as  a  whole.  It  is 
important  to  recognize  that  the  relative  severity  of  damage 
produced  by  such  a  single  aggregate  piece  in  a  test  specimen 
will  be  much  more  destructive  than  that  produced  in  a 
corresponding  volume  of  concrete  in  a  pavement  slab.  There- 
fore, the  permissible  amounts  determined  from  small  test 
specimens  should  be  taken  as  lower  limiting  values  of  the 
actual  percent  giving  rise  to  the  same  level  of  damage  in  a 
pavement  slab.  How  much  these  values  differ  from  each  other 
is  not  known;  however,  any  value  determined  using  small 
beams  is  on  the  conservative  side. 


In  section  B,  a  discriminant  function  was  obtained  from 
two  groups  of  pavements  with  excellent  and  poor  field  per- 
formance, Groups  I  and  II  respectively.  The  discriminant 
function  was  given  by  expression  (7).  It  was  also  found 
that  both  groups  of  pavements  could  be  differentiated 
according  to  their  discriminants  scores,  as  indicated  in 
Figure  II. 9.  From  that  figure,  pavements  with  excellent 
field  performance  have  discriminant  scores  D>  +1.8  and 
pavements  with  poor  field  performance  have  scores   D<   -2.0. 
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For  the  present  purposes,  it  will  be  conventionally  assumed 
that  D>  +  1.5  implies  excellent  performance  and  D<  -1.5 
implies  poor  performance.  On  the  basis  of  these  limiting 
values,  it  is  possible  to  define  three  regions  along  the 
discriminant  axis.  Regions  I,  II,  and  III,  each  region 
representing  poor,  intermediate,  and  excellent  performances 
respectively,  Figure  11.12. 

Any  concrete  is  expected  to  be  composed  by  aggregate 
fractions  which  can  be  classified  within  each  region  in  the 
corresponding  proportions  Q,  I,  and  P.  Figure  11.12.  These 
proportions  obviously  sum  up  to  100%. 


Q  +  I  +P  =  100% 


(8) 


whe  re : 
Q 


percent  of  aggregates  whose  discriminant  score  is 

D  <    -1  .5 

percent  of  aggregates  whose  discriminant  score  is 

-1  .5  <  D  <  +  1  .5 

percent  of  aggregates  whose  discriminant  score  is 

D>  +  1  .5 


For  concrete  pavements  with  excellent  performance,  P  is 
expected  to  be  larger  than  Q,  while  it  should  be  the  oppo- 
site for  poorly  performing  pavements.  In  order  to  verify 
this  statement,  all  the  pavements  listed  in  Table  II. 4  were 
further  analyzed.  Expression  (7)  was  used  to  compute  the 
discriminant   score  of  each  aggregate  fraction  included  in  a 
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Figure  11.12   Conventional  Subdivision  of  the  Discriminant 
Score  Axis 
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pavement,  then  the  percentages  Q,  I,  and  P  were  computed. 
These  operations  were  repeated  for  each  pavement  included  in 
Groups  I  and  II,  and  the  results  are  shown  in  Tables  11.10 
and  11.11.  The  overall  mean  values  of  P,  I,  and  Q  are  also 
shown  in  the  same  tables.  It  was  found  that,  for  Group  I 
the  relative  proportion  P  (%)  of  those  aggregates  designated 
as  excellent  predominated  over  those  designated  as  poor  Q 
(%)  and  intermediate  I  (%).  An  inverse  pattern  was  observed 
for  Group  II  . 

The  main  objective  of  this  section  is  to  determine  on  a 
quantitative  basis,  how  "poor"  and  "excellent",  and  perhaps 
"intermediate",  percentages  combine  to  give  rise  to  excel- 
lent and  poor  performances. 

This  problem  may  be  restated  in  the  following  question: 
Is  it  possible  to  differentiate  between  Groups  I  and  II,  on 
the  basis  of  the  percentages  Q,  I,  and  P  of  each  pavement? 
This  is  a  typical  problem  for  which  Discriminant  Analysis 
can  be  used.  The  dependent  variable  is  given  by  Group  I  and 
Group  II,  and  the  independent  or  explanatory  variables  are 
Q,  I,  and  P.  After  the  analysis  was  performed  using  the 
data  listed  in  Tables  11.10  and  11,  the  following  discrim- 
inant function  was  determined. 


D'  =  1 .00  -  5.07  Q  +  1  .68  P 


(9) 


whe  r e : 


D'  =  discriminant  score 
P,  Q,  =  they  were  defined  before 


Table    11.10       Pavements     in    GROUP     1 
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Core 


Q(%) 


I(%) 


P(%) 


A81 

B01 

C41 

C6i 

C81 

C101 

H51 

J21 

N31 

T21 

N41 

041 

P01 

Pll 


10  .0 

0  .0 

20.0 

16  .0 

17  .0 
34  .0 

0  .0 

0.0 

0.0 

29.0 

30  .0 

13  .0 

0  .0 

23  .0 


10  .0 

50.0 

20.0 

22  .0 

6.0 

8.0 

0  .0 

7.0 

0  .0 

35  .0 

10  .0 

0  .0 

9  .0 

27  .5 


80  .0 
50.0 
60  .0 
62.0 
77.0 
58  .0 

100  .0 
93.0 

100  .0 
38  .0 
60  .0 
87  .0 
91  .0 
49  .5 


13  .7% 


14  .5% 


71  .8% 


Table    11.11       Pavements     in    GROUP     II 


Core 


Q(%) 


K%) 


P(%) 


A00  1 

C01 

C53 

Mil 

M31 

M51 

N01 

M21 

T51 

L03 

MK30  1 

Ke-1 

MK302 

MK695 


53.0 
50.0 
70  .5 
76  .0 
44  .0 
32  .0 
36  .0 
63  .0 

65  .0 
47  .0 
50  .0 
66.6 

100  .0 

66  .6 


2.0 

50.0 

0  .0 

12.0 

29  .0 

20.0 

17  .0 

22.0 

0  .0 

7  .0 

50.0 

0  .0 

0  .0 

0  .0 


45  .0 
0  .0 

29  .5 
12.0 
27  .0 
48.0 
47  .0 
14  .0 
35  .0 

46  .0 
0  .0 

33.3 

0.0 

33.3 


58.6% 


15  .0% 


26.4% 


Other    results    of     this    discriminant    analysis    were 
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a.  The  intermediate  percentage  I  (%)  was  not  statist- 
ically significant 

b.  96.4%  of  all  the  pavements  were  correctly   classi- 
fied in  their  right  group  by  expression  (9) 

c.  D'=0  was  the  border   value   between   both   extreme 
pe  rf  ormances , 

and 


D  '  <  0  implies  poor  performance 
D'>  0  implies  excellent  performance 


(10) 


It  must  be  stressed  that  these  findings  are  applicable  to 
differentiate  between  two  extreme  performances;  no  inter- 
mediate performance  can  be  assessed  by  the  present  approach. 

Using  the  results  of  the  discriminant  analysis  indi- 
cated before  it  is  possible  to  perform  the  following  alge- 
braic manipulations.  Assuming  D'=0,  the  border  value 
between  extreme  performances,  and  substituting  in  expression 
(9)  yields 

5  .07  Q  -  1  .68  P  -1  .00  =  0  (11  ) 

In  addition,  from  physical  considerations  it  is  known  that: 

Q  >  0 

P  >    0  (12) 

and  re-expressing  equation  (8)  as  an  inequality,  given  that 
I  (%)  was  not  statistically  significant,  results  in 
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Q  +  P  <  100%  (  13) 

Finally,  the  graphical  representation  of  inequalities  (12) 
and  (13)  defines  a  triangular  region  in  a  Q  -  P  plane,  as  it 
is  indicated  in  Figure  11.13.  This  region  can  be  further 
divided  in  two  sub-regions  by  equation  (11),  which 
represents  the  bi-dimens iona 1  boundary  between  excellent  and 
poor  performances  of  concrete  pavements,  according  to  ine- 
qualities (10).  Equation  (11)  and  the  corresponding  subre- 
gions  are  also  indicated  in  Figure  11.13. 

Figure  11.13  represents  an  alternative  manner  for  deal- 
ing with  the  acceptance-rejecting  problem  whenever  coarse 
aggregates  of  varying  frost  resistance  are  blended.  In 
order  to  illustrate  the  potential  application  of  the  previ- 
ous findings,  assume  a  quarry  composed  by  several  ledges  as 
shown  in  Figure  11.14.  .  The  total  thickness  of  the  quarry 
(H  ),  and  the  thickness  of  each  ledge  are  known   (h. ,   ...., 


V 


,  h  ).   Therefore,  the  proportion  of  aggregates  from 


each  ledge  in  a  production  sample  can  be  estimated  by 


P.  (%)  =  tj^  x  100 
i       HT 


(14) 


whe  re     i  =  1  ,  2 ,  .  .  ,  n 

In  addition,  the  discriminant  scores  of  each  ledge  (D.  ,  ..., 
D  ,  ...,  D  )  can  be  computed  with  equation  (7);  finally,  the 
percentages  Q,  I,  and  P  can  be  computed  as  defined  for  equa- 
tion (8).  With  these  values  and  Figure  11.13,  it  is  possi- 
ble to  locate  any  quarry  in  the  Q-P  plane  in  order   to   make 
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Rejection 
Region 


Acceptance 
Region 


PC%) 


Figure  11.13   Acceptance  and  Rejection  Regions  in  Q-P  Plane 
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Figure  11.14   Quarry  Composed  by  n  Ledges 
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the  decision  of  accepting  or  rejecting  the  production  sample 
according  its  potential  contribution  to  D-cracking. 

It  should  be  recognized  that  such  decision  is  based  on 
the  possible  combinations  of  (Q,  P)  values  which  give  rise 
to  two  extreme  responses:  excellent  and  poor  field  perfor- 
mances. No  intermediate  performance  can  be  assessed  by  the 
present  approach,  because  only  two  groups  of  pavements  with 
known  extreme  performance  were  used  in  the  analysis. 


ti  ons 


3. 


The  present  findings   suggest   the   following   observa- 

!  • 

The  arbitrary  three-way  classification  of  coarse  aggre- 
gates in  Q,  P,  and  I  proportions  depending  on  their 
discriminant  scores,  was  necessary  because  of  the  lack 
of  a  proper  rating  scale  at  the  present  time. 

There  is  no  unique  allowable  percentage  Q  of  deletere- 
ous  aggregates.  In  any  particular  situation,  the  per- 
missible amount  of  deletereous  aggregates  is  variable 
and  it  depends  on  the  proportions  of  intermediate  and 
excellent  aggregates  in  the  mix. 

It  was  found  that  further  subdivision  of  regions  I,  II, 
and  III  in  Figure  11.12,  resulted  in  a  discriminant 
function  which  correctly  classified  100%  of  the  pave- 
ments in  groups  I  and  II.  This  discriminant  function, 
similar  to  equation  (9),  yielded   a   three   dimensional 
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acceptance-rejection  diagram;  however,  because  of  the 
exploratory  nature  of  the  present  approach,  the  more 
simple  case  in  the  Q-P  plane  was  discussed. 

4.  All  the  pavements  included  in  Groups  I  and  II,  listed 
in  Tables  11.10  and  11.11,  were  located  in  the  Q-P 
plane  as  it  is  shown  in  Figure  11.15.  The  grouping  of 
the  pavements  in  separated  clusters  is  to  be  noticed; 
the  boarder  line  between  both  groups  Is  given  by  equa- 
tion (9). 

1 1  .4   Summary  of  Chapter  II 

The  significance  of  the  pore  structure  of  coarse  aggre- 
gates in  the  freezing  and  thawing  durability  of  concrete  has 
been  analyzed.  The  measurement  of  frost  durability,  the 
characterization  of  pore  structure,  and  their  possible 
correlation  to  identify  concrete  aggregates  that  are  poten- 
tially deleterious  have  been  discussed. 


A  comparative  analysis  of   argillaceous   aggregates   of 
varying   frost  resistance  was  performed  by  the  inspection  of 

their  AV   vs.  Log  d.  plots.   It  was  found  that  the   argilla- 

J  J 

ceous   aggregates   under  study  have  an  abundance  of  pores  in 

-1       -2 
the  range  from  10    to  10   u ,  and   the   unconfined   freezing 

and   thawing   losses  appeared  to  be  directly  proportional  to 

such  volume  of  pores. 
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Figure  11.15   Location  of  Groups  I  and  II  of  Pavements  in 
Q-P  Plane 
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An  alternative  approach  to  identify  potentially 
deletereous  aggregates  has  been  presented  in  this  chapter. 
This  alternative  approach  is  based  on  the  actual  field  per- 
formance of  concrete  pavements  and  direct  measurements  of 
the  pore  structure.  Discriminant  Analysis  was  used  to 
correlate  freezing  and  thawing  durability  and  pore  size  dis- 
tribution, and  a  discriminating  function  was  obtained.  The 
predicting  power  of  the  discriminant  function  was  verified 
using  laboratory  and  field  results,  and  reasonable  agreement 
was  found  between  actual  and  predicted  performances.  Posi- 
tive discriminant  scores  D  >  1.5  are  associated  with  excel- 
lent field  performance,  while  negative  discriminant  scores  D 
<  -1.5  are  associated  with  poor  field  performance.  Some 
recommendations  for  periodical  revision  of  the  predicting 
model  have  also  been  presented. 


The  permissible  amount  of  frost  non-resistant  aggre- 
gates in  concrete  pavements  has  also  been  studied.  Border 
Limiting  percentages  for  the  acceptance  or  rejection  of  con- 
crete aggregates,  have  been  defined  from  the  anaylsis  of  the 
varying  quality  fractions  occurring  in  field  core  samples. 
The  findings  of  this  analysis  were  summarized  in  an  accep- 
tance -  rejection  diagram,  which  is  defined  by  the  percen- 
tage of  aggregates  whose  discriminant  score  is  D  <  -  1.5  and 
the  percentage  of  aggregates  whose  discriminant  score  is  D  > 
+  1.5. 
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CHAPTER  III 
SURFACE  DETERIORATION 


II I  .  1   Introduction 


III. 1.1   Statement  of  the  Problem 


Surface  deterioration  of  concrete  pavements  exposed  to 
freezing  and  thawing  may  take  several  forms.  Pop-outs  and 
scaling  are  the  most  frequent.  The  former  is  associated 
with  internal  failure  of  coarse  aggregates,  typically 
cherts,  close  to  the  surface  of  the  pavement,  while  the 
later  involves  failure  of  the  cement  paste. 

A  problem  of  severe  surface  deterioration  of  some  con- 
crete and  bituminous  pavements  in  Indiana  has  been  recently 
observed  after  the  pavements  have  been  in  operation  for  only 
one  to  two  years.  In  all  the  surveyed  cases,  inspection 
showed  that  the  failure  plane  occurred  through  a  coarse 
aggregate  particle,  and  there  was  no  apparent  damage  ori- 
ginating in  the  surrounding  cement  paste.  Construction 
records  indicate  that  the  concrete  was  air  entrained,  which 
suggests    that   the   paste  was   reasonably   well   protected 
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against  freezing  and  thawing  action;  but  by  no  means  is  pro- 
tection provided  for  the  coarse  aggregate  by  air  entrain- 
raent.  The  same  pattern  of  surface  failure  was  observed  in 
different  locations,  but  it  was  particularly  accentuated  in 
a  cross  over  open  early  to  traffic  and  exposed  to  large 
amounts  of  deicers. 

In  some  cases  the  intense  surface  damage  made  necessary 
an  overlay  to  improve  the  riding  quality  of  the  pavements. 
In  other  cases,  for  bituminous  pavements,  the  structural 
integrity  was  seriously  affected. 

An  extensive  previous  research  included  collecting 
field  core  samples  of  selected  pavements,  and  sampling  of 
the  corresponding  quarries  that  supplied  the  coarse  aggre- 
gate. The  results  of  petrographic  analyses  and  the  determi- 
nation of  physical  properties  of  those  samples  are  given  in 
reference  (2A).  The  findings  reported  in  that  reference 
indicate  that  the  aggregates  involved  in  this  type  of 
failure  are  highly  argillaceous;  the  clay  mineral  was  clas- 
sified as  Illite,  and  it  was  uniformly  distributed  in  the 
aggregate  matrix.  In  addition,  one  possible  failure  mechan- 
ism for  these  argillaceous  rocks  was  discussed  in  the  same 
reference. 

III. 1.2   Significance  of  the  Problem 


The  continuous  depletion  of  aggregate  sources  with  ade- 
quate  field   performance,   as   well  as  cost  considerations, 
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stresses  the  need  for  a  more  efficient  use  of  varying  qual- 
ity aggregates.  An  efficient  use  implies  that  the  aggregate 
quality  should  match,  as  closely  as  possible,  the  quality 
level  specified  for  its  intended  use;  such  quality  level 
depends  on  the  type  of  structure  and  structural  member,  and 
its  interaction  with  the  exposure  conditons.  Whenever  the 
quality  of  the  aggregate  exceeds  that  required,  a  waste  of 
resources  occurs;  on  the  contrary,  if  the  quality  of  the 
aggregate  is  less  than  that  required,  a  functional  or  struc- 
tural failure  may  take  place. 

In  order  to  make  a  better  use  of  coarse  aggregates,  it 
is  necessary  to  study  how  the  aggregate  is  related  to  vari- 
ous types  of  failures.  The  argillaceous  aggregates  involved 
in  the  present  study  give  rise  to  severe  surface  deteriora- 
tion of  concrete  and  bituminous  pavements.  However,  at  the 
present  time,  it  is  not  known  if  the  aggregate  performance 
is  acceptable  in  deeper  layers  of  the  pavement.  Likewise, 
it  is  not  known  whether  or  not,  and  to  what  extent,  D- 
cracking  will  take  place  in  the  future.  It  is  important  to 
identify  the  primary  causes  of  this  surface  problem  in  order 
to  formulate  some  recommendations  for  the  future  use  of 
these  and  other  similar  aggregates. 

III. 1.3   Statement  of  Objectives 


Unconfined  freezing  and  thawing  losses  of  these   argil- 
laceous  aggregates,   saturated   with  water  and  with  5%  NaCl 
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salt  solution,  are  presented  in  reference  (24).  The  percent 
losses  of  some  of  those  argillaceous  aggregates  are  listed 
in  Table  III. 2.  From  the  inspection  of  those  results,  the 
relative  severity  of  freeze-thaw  cycles  in  the  presence  of 
salt  solution  is  obvious.  On  the  basis  of  these  results  and 
the  reported  field  performance,  a  contributing  effect  of 
osmotic  pressure  to  the  failure  of  these  argillaceous  aggre- 
gates is  postulated  in  this  study. 

The  main  objectives  of  this  part  of  the  research  were 
as  follows : 

1.  One  purpose  of  this  study  was  to  determine  the 
existence  of  any  osmotic  effect  and  its  possible  influ- 
ence as  a  contributing  cause  of  surface  deterioration. 

2.  A  second  purpose  was  to  compare  and  analyse  the 
response  mechanisms  due  to  freezing  of  two  rock  speci- 
mens vacuum  saturated  with  distilled  water  and  salt 
solution  respectively. 

II I . 2   Li  te  ra  ture  Review 

Because  of  the  possible  association  between  the  present 
problem  and  deicer  scaling,  the  discussion  of  the  later 
seems  appropriate. 


Scaling  results  when:  "Concrete  mortar  of  poor  quality 
will  crumble  away  with  repeated  freezing  and  thawing  cycles, 
gradually  exposing  the   coarse   aggregate   particles"   (34). 
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Increasing  scaling  of  concrete  pavements  has  resulted  as  a 
consequence  of  the  profuse  use  of  deicing  chemicals  in 
recent  years.  The  combined  influence  of  freezing  in  the 
presence  of  delcers  and  poor  construction  practices  seri- 
ously affect  the  durability  of  concrete.  Excessively  wet 
concrete,  over-finishing,  and  improper  curing  usually  result 
In  poor  properties  of  the  outermost  zone  of  the  pavement, 
which  is  also  subjected  to  the  most  detrimental  factors. 

In  1956,  Verbeck.  and  Klieger  (35)  reported  significant 
results  concerning  the  problem  of  "salt"  scaling  of  con- 
crete.  Some  of  those  findings  are  summarized  as  follows: 

1.  Solution  concentrations  of  the  order  of  2  to   4   weight 
percent  produce  the  highest  rate  of  scaling. 

2.  It  seems  that  the  mechanism  of  surface  scaling  is   phy- 
sical rather  than  chemical. 

In  addition,  the  benefits  of  air  entrained  to  improve  the 
resistance  of  concrete  to  freezing  and  thawing  in  the  pres- 
ence of  deicing  chemicals  are  also  reported  in  reference 
(36). 


Other  research  workers  have  found  the  same  results. 
However,  there  is  some  disagreement  with  respect  of  the 
mechanisms  involved  in  the  salt  scaling  of  concrete.  Cordon 
(34)  presented  a  detailed  discussion  of  several  theories  and 
mechanisms  advanced  to  explain  salt   scaling.    Experimental 
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determinations  and  further  observations  reported  lately  seem 
to  support  more  than  one  hypothesis  (37,38,39,40).  Some  of 
the  various  hypotheses  proposed  to  explain  the  failure 
mechanism( s )  ,  attribute  salt  scaling  to: 

1.  Crystallization  pressure. 

2.  Chemical  Reactions. 

3.  Osmotic  and  hydraulic  pressures. 

4.  Thermal  gradients. 

The  first  two  were  not  found  to  be  significant  during  exper- 
imental observations  (39,41),  and  the  osmotic  pressure 
hypothesis  has  been  discarded  on  the  basis  of  numerical  cal- 
culations (41).  From  the  interpretation  of  his  experimental 
results,  Snyder  (42)  suggested  that  thermal  gradients  in 
combination  with  hydraulic  pressure  are  the  most  significant 
causes  of  salt  scaling. 


Rosli  and  Harnik  (38)  found  that  the  temperature  shock 
produced  by  the  application  of  deicing  salts  on  surface  and 
the  consequent  temperature  gradient,  may  give  rise  to  inter- 
nal tensile  stresses  as  high  as  the  tensile  strength  of  the 
surface  layer  of  concrete  pavements. 

Harnik,  Meier,  and  Rosli  (40)  concluded  that  the  nega- 
tive effects  of  the  application  of  deicing  salts  on  concrete 
a  re  due  to: 


. 
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1.  A  higher  degree  of  saturation  of  the  concrete  surface. 

2.  The  temperature  shock  or  thermal  gradient. 

3.  Supercooling  of  pore  water,  which  causes  high  hydraulic 
pressure  once  freezing  starts. 

Some  of  the  hypotheses  previously  discussed  have  been 
rejected  because  of  experimental  evidence,  others  because  of 
qualitative  analyses,  and  some  others,  such  as  osmotic  pres- 
sure, have  been  rejected  on  the  basis  of  numerical  calcula- 
tions . 


It  seems  unlikely  that  concrete  scaling  is  due  to  a 
single  cause;  on  the  contrary,  it  seems  reasonable  to  assume 
that  two  or  more  mechanisms  simultaneously  take  place,  while 
their  relative  importance  is  controlled  by  the  characteris- 
tics of  the  concrete  and  its  components,  and  the  environ- 
ment. Coarse  aggregate  may  take  an  important  role  in  sur- 
face deterioration,  regardless  of  the  benefits  of  air 
entrained  in  the  surrounding  mortar.  Such  appears  to  be  the 
case  for  the  argillaceous  aggregates  considered  in  this 
study.  Its  poor  field  performance  and  up  to  99%  losses  in 
unconfined  freezing  and  thawing  in  the  presence  of  5%  weight 
NaCl  solution,  strongly  suggest  the  existence  of  one  or  more 
additional  disruptive  mechanisms. 

In  the  following  sections,  the  relative  importance  of 
one   possible   mechanism   is   postulated;   specifically,  the 
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build  up  of  osmotic  pressure  that  eventually  exceeds  the 
tensile  strength  of  the  coarse  aggregate.  In  this  regard, 
in  1955,  Powers  (8)  stated: 
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III. 3   Expe  r imen tal  Work 

In  order  to  accomplish  the  objectives  of  this  study, 
two  laboratory  experiments  were  designed.  They  are 
described,  and  their  results  are  discussed  in  the  following 
sections. 

III. 3.1   Determination  of  Osmotic  Effect 


By  definition,  "Osmosis  is  the  phenomenon  whereby  sol- 
vent permeates  a  semipermeable  membrane  separating  two  solu- 
tions of  different  concentrations.  A  net  flow  of  solvent 
occurs  from  the  less  to  the  more  concentrated  solution" 
(43).  A  semipermeable  membrane  is  one  that  permits  the  flow 
of  solvent  but  not  the  flow  of  solute.  From  the  previous 
definition  It   is   apparent   that   two   conditions   must   be 
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satisfied  in  order  for  osmotic  pressure  to  take  place: 
first,  the  barrier  material  must  be  capable  of  acting  as  a 
semipermeable  membrane,  and  second  a  concentration  gradient 
should  exist  through  the  membrane. 

Experiments  performed  by  Verbeck  and  Gramlich,  dealing 
with  the  alkali-aggregate  reaction,  supported  the  idea  that 
cement  paste  is  capable  of  acting  as  semipermeable  membrane 
(44).  Likewise,  the  limiting  expression  for  quantifying  the 
magnitude  of  osmotic  pressure  was  also  reasonably  confirmed 
in  the  same  investigation.  By  analogy  with  liquid  flow 
through  porous  media  of  unit  thickness,  osmotic  pressure  may 
be  taken  as  the  driving  pressure  giving  rise  to  such  flow. 
For  dilute  solutions,  osmotic  pressure  can  be  computed  as 
f o  1 1  ows : 


it  =  RTC/M 
whe  re  : 
it  =  osmotic  pressure 
R  =  gas  constant 
T  =  absolute  temperature  (  K) 
C  =  concentration  gradient,  in  grams  1 1 
M  =  molecular  weight  of  solute 
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Materials  and  Apparatus 


Three  rock  samples  designated  as  P,  G,  and  CC-1,  were 
used  for  these  determinations.  The  first  material,  sample 
P,  was  sampled  from  a  quarry   that   provided   aggregate   for 
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some  of  the  surface  deteriorated  pavements  under  investiga- 
tion. It  is  a  highly  argillaceous  limestone.  The  other 
samples  were  included  for  the  purpose  of  studying  the  possi- 
ble dependence  of  the  osmotic  phenomenon  on  different  pore 
size  distributions.  The  pore  size  distribution  of  each 
material  was  determined  by  mercury  porosimetry,  and  their 
respective  results  are  given  in  Appendix  A. 

Sodium  chloride  was  used  as  solute  in  a  5%  weight  con- 
centration in  distilled  water;  this  concentration  was 
selected  to  be  consistent  with  previous  laboratory  studies 
conducted  by  Shakoor  (2A),  and  the  Indiana  Department  of 
Highways  (45). 

For  the  purpose  of  determining  whether  or  not  each 
selected  material  was  able  to  perform  as  a  semipermeable 
membrane,  it  was  necessary  to  design  a  testing  device.  Such 
a  device  should  contain  the  concentrated  solution  inside, 
the  testing  specimen  in  one  end,  and  a  volume  measuring 
pipette  in  the  other  end.  The  equipment  and  dimensions  are 
shown  in  Figure  III.l. 

Specimen  Preparation 


Cores  1  3/8"  diameter  were  taken  from  each  rock  sample, 
and  several  slices  5  mm  thick  were  cut  from  them  using  a 
diamond  saw.  These  slices  were  subsequently  ground  on  each 
side  until  they  were  1.5  to  4  mm  thick.  The  actual 
thicknesses  of  three  testing  specimens  taken  from  samples  P, 
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Figure  III.l   Apparatus  Used  for  the  Determination  of  the 
Osmotic  Phenomenon 
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Figure  III. 2   Test  Specimens  Bonded  to  Acrylic  Tubes 
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Figure  III. 3   Test  in  Progress 
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G,  and  CC-1  were  1.60,  3.93,  and  1.70  mm  respectively.  All 
the  slices  were  oven  dried  at  105  C  for  24  hr.  and,  after 
cooling  to  room  temperature  in  a  desiccator,  each  specimen 
was  bonded  with  epoxy  cement  to  one  end  of  the  tube,  as 
shown  in  Figure  III. 2.  After  curing  the  resin  for  24  hrs .  , 
the  specimen  was  de-aerated  for  2  hr  and  vacuum  saturated 
with  salt  solution  for  2  more  hr.  The  vacuum  pump  was  then 
turned  off  and  the  specimen  was  allowed  to  saturate  for  one 
week  under  atmospheric  pressure. 

The  testing  procedure  consisted  of  completely  filling 
the  acrylic  tube  with  salt  solution,  and  fixing  tightly  the 
pipette  in  its  position.  No  air  bubbles  were  left  in  the 
tube.  Then  the  whole  apparatus  was  put  in  contact  with  dis- 
tilled water;  the  initial  pipette  reading  was  taken,  and  the 
flow  of  water  through  the  specimen  was  monitored  by  record- 
ing pipette  readings  and  elapsed  time.  A  running  test  is 
shown  in  Figure  III. 3. 

Analysis  and  Interpretation  of  Results 


The  experiment  was  repeated  using  each  of  the  three 
selected  samples.  The  osmotic  phenomenon  was  observed  in 
only  one  case,  sample  P,  which  is  a  highly  argillaceous 
aggregate  with  very  fine  capillary  pores.  The  experimental 
results  taken  during  nine  days,  volume  of  solvent  permeating 
toward  the  more  concentrated  solution  and  corresponding 
elapsed  time,  are  plotted  in  Figure  III. 4.    In   this   plot, 
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there  is  an  initial  transitory  period  where  the  response  is 
non-linear,  and  later  the  response  approaches  a  straight 
line  which  represents  the  steady  state  condition  of  the 
phe  nomenon . 

The  fact  that  osmotic  pressure  was  observed  in  only  one 
case  suggests  that,  for  that  sample  (P),  an  additional 
detrimental  mechanism  may  arise  during  freezing  and  thawing 
if  a  salt  concentration  gradient  exists.  However,  it  is  not 
known  how  important  the  effect  of  osmotic  pressure  is  with 
respect  to  the  hydraulic  pressure  mechanism.  For  the  other 
two  samples,  G  and  CC-1,  there  would  be  no  such  additional 
disruptive  pressure. 

The  different  responses  observed  between  samples  P,  and 
G  and  CC-1,  can  be  explained  as  follows.  Several  processes 
may  take  place  through  membranes  and  filters,  i.e.  Ultrafil- 
tration, Dialysis,  Osmosis,  Reverse  Osmosis,  etc.  According 
to  Resting  (A3),  the  occurrence  of  each  process  is  associ- 
ated with  membranes  with  characteristic  ranges  of  pore 
sizes;  for  instance,  osmosis  occurs  if  the  barrier  material 
has  pore  sizes  in  the  range  from  6  angstroms  to  0.06u  m 
approximately.  From  the  pore  size  distribution  data  given 
in  Appendix  A,  Table  I1I.1  was  computed. 


From  these  results,  it  is  evident  that  osmosis  occurs  when- 
ever there  is  a  significant  amount  of  pore  sizes  smaller 
than  about  0.06um,  which  is  the  limiting  value   proposed   by 
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Resting.   Based  on  these  findings,  further  analysis   of   the 
results  presented  In  reference  (24)  was  performed. 

Table  III.l   Percentage  of  Pore  Sizes  Smaller  than  0.06  pm 

Sample    AV(%) 


p 

85.0 

G 

6.0 

CC-1 

1.0 

Volume  of  pores  smaller  than  0.06wm  diameter, 
expressed  as  percent  of  the  total  intruded  volume 


Two  data  sets  are  particularly  important.  First,  those 
cases  in  which  the  presence  of  5%  weight  NaCl  solution  made 
very  severe  the  freezing  and  thawing  action  in  comparison 
with  the  use  of  pure  water.  Some  of  those  laboratory 
results  are  indicated  in  Table  III. 2.  Except  for  one  exam- 
ple, the  percent  losses  in  pure  water  after  50  unconfined 
freeze-thaw  cycles  were  less  than  4%;  the  same  aggregates  in 
the  presence  of  salt  solution  showed  losses  up  to  50%.  For 
these  samples,  the  volume  of  pores  smaller  than  0.06pm  diam- 
eter AV(%)  was  computed  and  it  was  found  to  be  a  significant 
fraction  of  the  entire  pore  size  distribution. 

The  second  data  set  corresponds  to  cores  taken  from 
surface  deteriorated  pavements.  From  the  top  of  each  core, 
pieces  of  aggregates  that  experienced  failure  were  obtained 
for  mercury  porosimetry  determinations.  The  fraction  of 
pores  smaller  than  0.06y  is  also  indicated  in   Table   III. 2. 
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Table  III. 2   Percentage  of  Pore  Sizes  Smaller  than 
0.06pm.   Shakoor's  data  (24) 

Laboratory  Results 


Sample 

T4 
T7 
K5 
L2 
L4 
L5 
L6 


&T 

Loss     ( % ) 

in    water 

3 

.50 

3 

.68 

40 

.48 

3 

.53 

2 

.60 

1 

.56 

3 

.77 

** 


F&T  Loss(%)  , 

5%  salt  AV(%)' 

37 .30  91.9 

47.37  90.0 

99.67  87.7 

43.23  76.4 

49.97  38.2 

36.25  38.5 

34.01  7  8.8 


Field  Cores 


I265-C2 
I265-C3 
I265-C5 

US  24-SR115-C2 

US  24-STN2-C3 

US  24~STN2~C4 

US  24-STN3-C6 

US  24-STN4-C7 

US  24-STN4-C8 


36.1 
59.9 
85.0 

88.6 
76.2 
72.0 
79.1 
79.5 
77.9 


*  Volume  of  pores  smaller  than  0.06um  diameter,  expressed 
as  percent  of  the  total  intruded  volume. 

**  F&T  losses  after  50  cycles. 

In  all  cases  a   significant   proportion   of   such   capillary 

pores  was  found. 


The  results  presented  in  Table  III. 2,  in  connection 
with  those  presented  in  Table  III.l,  seem  to  support  the 
occurrence  of  an  osmotic  effect  in  laboratory  and  field  con- 
ditions. In  both  cases,  the  increased  severity  of  the 
freezing  and  thawing  action  in  presence  of  salt  solution  was 
evident. 
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III. 3.1   Significance  of  Osmotic  Effect 

Multiple  studies  have  validated  the  importance  of  the 
hydraulic  pressure  hypothesis  as  a  disruptive  mechanism  dur- 
ing freezing  and  thawing.  However,  the  study  of  the  rela- 
tive importance  of  the  osmotic  pressure  mechanism  remains  as 
a  fruitful  area  for  research. 

Experimental  Designs 

In  order  to  determine  the  relative  significance  of 
osmotic  pressure  in  the  freezing  and  thawing  failure  of  the 
argillaceous  aggregates  under  study,  two  additional  experi- 
ments were  performed.  The  first  experiment  consisted  of 
freezing  two  testing  specimens  vacuum  saturated  with  dis- 
tilled water  and  salt  solution  respectively.  The  second 
experiment  consisted  of  monitoring  the  state  of  strains  dur- 
ing freezing  of  a  test  specimen  vacuum  saturated  with  salt 
solution.  Sample  P  and  5%  weight  NaCl  salt  solution  were 
consistently  used  in  both  experiments.  All  the  test  speci- 
mens were  taken  1/2"  apart  from  each  other  from  a  single 
rock  sample  . 


The  first  experiment  consisted  of  freezing  two  identi- 
cal cylindrical  specimens  2  inches  long  and  1  1/8  inches  in 
diameter  saturated  with  distilled  water  and  salt  solution 
respectively.  The  cooling  rate  was  4  to  5°  C/hr.  Readings 
of  volume  changes  due  to  frozen  water  and  corresponding  tem- 
peratures were  simultaneously  taken,  as  described  in  the 
next  chapter.   The  results  of  this  experiment  are   presented 
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in  Figure  III. 5. 

The  second  experiment  was  designed  to  quantify  any  pos- 
sible contribution  of  osmotic  pressure  to  the  state  of 
strains  already  produced  by  hydraulic  pressure  after  an  ini- 
tial freezing  stage.  Everything  was  the  same  as  in  the 
first  experiment,  except  for  the  strain  gages  bonded  to  the 
test  specimen  before  it  was  vacuum  saturated  with  salt  solu- 
tion. The  location  of  the  strain  gages  and  the  bonding  and 
recording  procedures  are  described  in  Appendix  B.  This 
experiment  was  conducted  in  two  stages.  In  the  first  stage, 
the  temperature  was  steadily  dropped  at  a  rate  of  A  to  5 
degree  C/hr  until  initial  freezing  occurred;  then,  after  an 
additional  temperature  drop,  further  cooling  was  stopped  at 
about  ~1A  C.  In  the  second  stage,  the  specimen  reached  the 
uniform  temperature  of  the  freezing  chamber,  and  it  was  kept 
in  that  condition  for  several  hours.  During  all  the  stages, 
simultaneous  readings  of  the  state  of  strains  and  tempera- 
tures were  recorded.  The  results  are  presented  in  Figures 
III. 6,  III. 7  and  III. 8. 

Analysis  and  Interpretation  of  Results 

The  most  important  features  of  the  first  experiment  are 
summarized  in  Table  III. 3. 


Absorption  values  were  larger  whenever  salt  solutions  were 
used.  This  was  consistently  found  in  the  present  investiga- 
tion using  other  samples,  and  it  has   also   been   previously 
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Table  III. 3   Data  Obtained  from  the  Freezing  of  Rock 

Specimens  Saturated  with  Water  and  5%  NaCl 
Salt  Solution  Respectively 


Pa  rameter 


Water 
Sat u  ration 


Salt 
Saturation 


Absor p  t  ion 

Beginning  of  freezing 

Total  volume  of  absorbed  water 

Initial  volume  of  frozen  water 

Total  volume  of  frozen  water 


4  .  A  3  % 


1.9°C 


5 .83cm 


0  .  A Acm 


A .19cm 


A. 81% 


■5.8°C 


6 .05cm' 


0  .60cm" 


3  .60cm' 


at  -30.8°C     at  -31.8°C 


reported  (37, A0).  As  was  expected,  freezing  of  water  began 
at  a  lower  temperature  in  the  presence  of  NaCl  solution,  and 
the  total  volume  of  frozen  water  was  smaller  than  that 
corresponding  to  saturation  with  distilled  water.  This  is 
explained  by  the  fact  that,  as  freezing  of  water  continues, 
the  concentration  of  the  unfrozen  solution  simultaneously 
increases  until  a  value  is  reached  for  which  no  further 
freezing  of  water  is  possible.  For  the  salt  used  in  this 
experiment,  NaCl,  such  concentration  and  the  corresponding 
freezing  temperature  are  23.3%  and  -21   C  respectively  (A6). 


Presumably,  the  hygr oscopici t y  of  NaCl  and  the  lowering 
of  the  relative  vapor  pressure  contribute  to  obtain  larger 
absorption  values.  Several  authors,  Fagerlund,  Rosli,  Lit- 
van,  etc.,  attribute  the  severity  of  freezing  and  thawing  in 
salt  solutions  to  the  resulting  higher  degrees  of  satura- 
tion. The  smaller  the  internal  pore  space  available  to 
accommodate  the  expanding  volume  of  water,   the   higher   the 
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internal  pressure  in  the  pore  structure  may  be. 

Supercooling  of  water  has  also  been  suggested  as 
another  negative  effect  of  deicing  salts.  Harnik  et  al  (40) 
stated  that  whenever  supercooling  occurs,  large  amounts  of 
suddenly  frozen  water  should  be  expected  once  freezing 
starts.  Consequently,  large  hydraulic  pressure  could  be 
generated,  and  the  freezing  process  would  become  more  detri- 
mental. 

According  to  the  present  findings  obtained  from  both 
experiments,  the  following  discussion  seems  pertinent.  The 
general  tendency  observed  in  the  plots  of  volume  change  due 
to  frozen  water  against  temperature  looks  similar  for  both 
specimens,  except  for  the  translated  origin  when  the  speci- 
men was  saturated  with  salt  solution.  No  significant 
difference  in  the  initial  volume  of  frozen  water  was 
observed  between  both  cases,  despite  the  difference  in 
supercooling  effect  (Table  III. 3  and  Figure  III. 5).  In 
addition,  the  freezing  rate  of  water,  observed  by  recording 
displaced  volume  of  mercury  versus  time,  was  larger  for  the 
specimen  saturated  with  distilled  water  in  comparison  with 
the  freezing  rate  observed  in  the  specimen  saturated  with 
salt  solution. 


After  freezing  and  thawing  once,  both  specimens  were 
inspected  and  circumferential  cracking  was  observed  at  the 
middle  height  of  the  cylinder  saturated  with  salt   solution. 
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No  cracking  was  apparent  on  the  specimen  saturated  with 
water.  Such  different  response  cannot  be  explained  by  the 
hydraulic  pressure  mechanism  alone,  because  in  the  case  of 
the  more  deteriorated  specimen  the  total  volume  of  frozen 
water  was  smaller,  no  negative  effect  of  supercooling  was 
observed  in  respect  of  large  volumes  of  suddenly  frozen 
water,  and  finally  the  freezing  rate  was  consistently 
smaller.  Therefore,  it  seems  reasonable  to  postulate  the 
existence  of  a  second  detrimental  mechanism. 

The  results  of  the  second  experiment  provide  direct 
evidence  to  support  the  hypothesis  that,  for  the  argilla- 
ceous aggregates  under  consideration,  there  exists  an  addi- 
tional osmotic  effect  that  contributes  to  the  surface 
failure  mechanism.  The  state  of  strains  recorded  during  the 
two  stages  of  the  second  experiment  is  shown  in  Figure 
III. 6.  The  state  of  strains  after  the  temperature  of  the 
freezing  chamber  was  kept  constant  is  shown  in  Figure  III. 7. 
The  relative  significance  of  the  osmotic  pressure  is  sup- 
ported by  the  steady  increase  of  tensile  strains  while  the 
temperature  of  the  specimen  remains  practically  constant, 
Figure  III. 8. 


For  a  temperature  change  of  approximately  2  C  (from 
-15  C  to  -17.3  C)  the  strain  increment  was  more  than 
300x10  in/in  in  a  less  than  three  hour  period.  This 
strain  increment  by  itself,  even  assuming  that  no  strains 
are  due  to  hydraulic   pressures,   may   be   large   enough   to 
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produce  failure.   It  should  be  pointed  out  that  such  strains 
had  been  larger  if  the  test  had  lasted  longer. 

The  response  of  the  testing  specimen  in  the  second 
experiment  shows  an  interesting  characteristic:  the  NaCl 
solution  saturated  specimen  becomes  an  osmotic  cell  by 
itself  once  freezing  starts.  It  means  that,  after  a  selec- 
tive water  freezing  occurs,  there  is  an  increment  in  the 
solution  concentration  of  some  of  the  unfrozen  capillaries 
left  throughout  all  the  specimen.  This,  and  the  internal 
flow  taking  place  due  to  the  volume  displaced  by  the  freez- 
ing water,  seems  to  give  rise  to  concentration  gradients 
within  the  specimen.  As  a  consequence  of  such  concentration 
gradients,  an  osmotic  pressure  starts  to  build  up  inside  the 
specimen.  It  should  also  be  recognized  that  osmotic  pres- 
sure and  hydraulic  pressure  are  simultaneously  present  once 
freezing  starts;  but,  after  the  temperature  remains  con- 
stant, the  effect  of  the  former  predominate  over  the  effect 
of  the  latter. 


1 1 1 .4   Summary  of  Chapter  III 

The  occurrence  of  the  osmotic  phenomenon  in  the  argil- 
laceous aggregates  under  consideration  has  been  discussed 
and  experimentally  verified.  Likewise,  the  significance  of 
osmotic  pressure  as  a  contributing  factor  to  aggregate 
failure  has  also  been  experimentally  verified. 
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On  the  basis  of  the  findings  presented  in  this  chapter, 
the  following  recommendations  are  presented: 


1.  The  simple  testing  procedure  used  to  detect  the  ability 
of  coarse  aggregates  to  perform  as  semipermeable  mem- 
branes may  be  used  to  identify  coarse  aggregates  prone 
to  surface  deterioration  in  the  presence  of  deicers. 
This  test  could  be  used  instead  of  more  elaborate  pro- 
cedures involving  unconfined  freezing  and  thawing. 

2.  Quantitative  estimations  using  the  Poisseuille  equa- 
tion, and  the  results  presented  in  Chapter  IV,  show 
that  high  hydraulic  pressures  can  be  generated  in  a 
porous  matrix  whenever  there  is  a  significant  volume  of 
pores  smaller  than  0.06y.  Therefore,  the  same  simple 
test  might  be  used  to  identify  and  reject  coarse  aggre- 
gates giving  rise  to  D-cracking  by  the  internal  failure 
mechanism.  Further  analysis  and  experimentation  using 
selected  samples  is  desirable  in  this  respect. 
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CHAPTER  IV 
FREEZING-POINT  DEPRESSION 
AND  ITS  INFLUENCE  ON  FROST  ACTION  IN  ROCKS 


IV  .1   Introduction 


IV. 1.1   Statement  of  the  Problem 


Bulk  water  normally  freezes  at  0  degree  C,  and  after 
freezing  occurs  its  original  volume  increases  approximately 
9%.  Under  certain  conditions,  water  may  freeze  at  lower 
temperature,  but  still  a  corresponding  volume  increase  is 
reported  to  take  place  (48).  Damage  of  saturated  porous 
building  materials  arises  whenever  freezing  and  other  criti- 
cal physical  properties  are  simultaneously  present.  In 
order  for  failure  not  to  occur,  the  volume  increment  result- 
ing during  freezing  needs  to  be  accommodated  in  internal 
empty  cavities  or  it  should  be  readily  expelled  to  the  sur- 
face of  the  freezing  sample.  One  physical  property  highly 
influential  on  this  processes  is  the  pore  structure,  which 
can  be  characterized  by  the  pore  size  distribution  (PSD)  of 
the  material,  as  it  is  determined  by  mercury  porosimetry. 
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Frost  damage  has  been  studied  in  connection  with  the 
freezing  rate  of  water  and  the  permeability  of  porous 
materials,  and  the  latter  has  been  taken  as  a  fixed  property 
of  the  pore  structure  (6).  The  relationship  between  the 
freezing  phenonenon  and  capillary  pore  size  has  also  been 
studied  and  significant  conclusions  pertinent  to  frost  dam- 
age are  reported  in  reference  (19).  In  this  investigation, 
it  was  intended  to  study  the  relationship  between  the  freez- 
ing of  water  in  "saturated"  rock.  samples  and  their  PSD. 
Likewise,  the  possible  effects  of  this  relationship  on  frost 
damage  are  qualitatively  discussed  and  quantitatively 
analyzed  through  an  example. 

IV. 1.2   Significance  of  the  Problem 

Water  held  in  a  porous  matrix  does  not  freeze  at  0  C. 
This  is  supported  by  the  fact  that  water  within  materials  of 
large  pore  sizes  freezes  at  temperatures  lower  than,  but 
close  to  zero  centigrade.  Likewise,  water  within  materials 
with  fine  pores  freezes  at  much  lower  temperatures.  Common 
building  materials  have  a  range  of  pore  sizes  from  several 
microns  to  a  few  angstroms;  therefore,  it  should  be  expected 
that  freezing  occurs  at  a  corresponding  range  of  tempera- 
tures be  low  0   C  . 


Because  of  the  dependence  between  freezing  point  of 
water  and  capillary  pore  size,  several  important  implica- 
tions on  possible   mechanisms   of   frost   damage   should   be 
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expected.  First,  the  maximum  amount  of  ice  formed  should  be 
dependent  on  the  minimum  applied  temperature;  experimental 
results  support  this  fact  (9,  10).  Second  given  that 
natural  building  materials  may  have  a  wide  range  of  pore 
sizes,  several  "freezing  points"  result  as  the  temperature 
drops.  This  has  the  following  direct  effects,  which  should 
be  taken  into  consideration  in  the  study  of  frost  damage 
me  chani  sms : 

1.  As  the  temperature  drops,  the  permeability  of  the 
porous  matrix  progressively  decreases,  which  implies 
that  the  use  of  any  permeability  value  measured  at  room 
temperature  (Ko),  may  be  applicable  only  at  the  begin- 
ning of  the  freezing  process.  This  is  due  to  changes 
in  the  effective  porosity.  This  change,  in  addition  to 
an  increasing  viscosity  of  water,  directly  affect  the 
hydraulic  pressure  generated  during  freezing. 


The  importance  of  the  previous  statement  is  sug- 
gested by  the  fact  that  it  is  not  always  the  initial 
state  of  strains  after  freezing  which  produces  failure, 
but  a  subsequent  cumulative  state  of  strain,  increasing 
as  the  temperature  decreases.  Consequently  any 
theoretical  model  including  Ko  in  the  prediction  of 
failure  may  or  may  not  be  appropriate,  depending  on  the 
magnitude  of  the  initial  strain. 
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2.  Given  that  ice  formation  is  controlled  by  PSD  and  cool- 
ing rate,  the  rate  of  ice  front  propagation  is  also 
expected  to  depend  on  PSD.  Because  of  this  dependence, 
it  seems  unlikely  that  there  is  a  unique  value  of  ice 
rate  propagation,  even  if  the  cooling  rate  is  assumed 
to  be  constant.  Further  discussion  is  presented  in  the 
end  of  this  chapter. 

Some  consequences  of  the  relationship  between  freezing  point 
and  capillary  pore  size  have  been  discussed.  Its  study  is 
important  because  the  theoretical  modeling  of  the  freezing 
process  and  its  consequences  must  be  involved,  to  some 
extent,  with  the  relationship  between  freezing  point  depres- 
sion and  PSD.  Furthermore,  the  determination  of  such  a 
relationship  may  provide  sound  basis  for  improved  specifica- 
tions and  testing  procedures,  as  well  as  a  better  insight 
for  the  interpretation  of  experimental  results  dealing  with 
frost  damage. 

IV. 1.3   Statement  of  Objectives 

In  this  part  of  the  study  it  is  intended  to   accomplish 
the  following  objectives: 


1.  To  determine  the  freezing  point  of  water  as  a  function 
of  pore  size,  and  to  determine  the  applicability  of 
previous  equations  derived  for  that  purpose. 
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2.  It  is  intended  to  discuss  quantitatively  the  implica- 
tions of  the  experimental  findings  of  this  study  in 
relation  to  frost  damage. 

IV  .2   Literature  Review 

Regarding  the  freezing  phenomenon  of  water,  Chalmers 
pointed  out:  "Strictly  speaking,  zero  degrees  is  the  equili- 
brium temperature:  the  point  at  which  ice  and  water  can 
remain  in  contact  with  one  another  indefinitely,  neither 
increasing  at  the  expense  of  the  other"  (49). 

Under  certain  circumstances,  water  freezes  at  tempera- 
tures lower  than  0   C.   Some  common  causes  are: 

1.  Presence  of  dissolved  substances  i.e.  salts,  hydrox- 
ides, etc. 

2.  Restriction  of  capillary  size. 


3.   Supercooling. 

An  example  of  the  first  cause  is  given  by  a  5%  weight  NaCl 
concentration  in  water,  which  reduces  the  freezing  point  to 
about  -2.5  C,  and  at  the  saturation  concentration,  20%,  the 
freezing  point  of  water  is  reduced  to  about  -23  C.  The 
first  and  second  causes  yield  the  same  effect,  both  contri- 
bute to  lowering  the  vapor  pressure  of  water.  In  this 
respect,  Powers  (9)  stated: 
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"A  given  reduction  in  vapor  pressure 
signifies  the  same  reduction  in  freezing 
point,  regardless  of  the  mechanism  by 
which  the  reduction  is  effected". 

It  is  important  to  mention  that  ice  and  water  can  remain  in 
contact  with  one  another  indefinitely  at  the  reduced  tem- 
perature. This  is  the  equilibrium  crystallization  tempera- 
ture of  the  system. 

The  third  cause,  supercooling,  is  defined  as  follows: 
"When  a  substance  is  cooled  below  the  equilibrium  tempera- 
ture, it  is  said  to  be  "supercooled"  or  "unde r coo  led"  (50). 
Supercooling  of  water  is  possible  only  in  the  absence  of 
ice;  if  ice  is  present,  water  can  not  be  cooled  below  its 
equilibrium  temperature.  Supercooled  water  crystallizes 
rapidly  if  it  is  placed  in  contact  with  an  ice  crystal  of  a 
proper  size;  this  fact  indicates  that  supercooled  water  is 
in  a  metastable  state. 


Supercooling  of  water  proceeds  until  the  first  ice  cry- 
stal nucleus  is  formed.  This  formation  may  result  by  two 
processes:   homogeneous  nucleation  and  heterogenous   nuclea- 

tion.    Homogeneous   nucleation   takes  place  at  temperatures 

o 
around  -40  C,  which  is  the  minimum  temperature  for  the  spon- 
taneous formation  of  the  first  crystal  nucleus.  However, 
such  a  process  occurs  only  in  pure  water.  The  presence  of 
solid  impurities  in  water  is  the  main  cause  of  heterogeneous 
nucleation.  This  process  consists  of  the  build  up  of  ice 
crystals   around  impurities,  or  even   on   the   wall   of   the 
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container.   Room  dust  has  the  ability  to  cause  nucleation  at 
about  -5°C  (51)  . 

The  freezing  point  depression  of  water  in  capillary 
pores  has  been  studied  theoretically  and  experimentally  by 
many  investigators. 


In  1932,  from  thermodynamic  considerations  and  taking 
account  of  the  influence  of  capillary  tension,  Kubelka  (52) 
derived  the  following  equation  which  relates  freezing  point 
depression  to  capillary  radius. 


whe  re 
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Vf 
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2  cT    *V.  T   . 
L-g   f   o  1 

AH       r 
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freezing  point  depression 

surface  tension  of  fluid  (Liquid-air) 

molar  volume  of  liquid 

latent  heat  of  fusion  of  liquid 

freezing  temperature  of  bulk  liquid 

capillary  radius 


From  the  equilibrium  of  a  spherical  crystal  in  its  own 
melt,  Sill  and  Skapski  (53),  1956,  derived  the  following 
equat  ion 


whe  re 
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solid-liquid  interfacial  tension 
density  of  the  solid  phase 
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r      =  crystal  radius 

All  other  symbols  have  the  same  meaning  as  before. 

Other  expressions  have  also  been  reported,  and  they  are 
essentially  of  the  same  form  as  (16)  and  (17).  For 
instance,  if  there  is  no  complete  saturation,  equations  (16) 
and  (17)  are  slightly  modified  by  the  addition  of  one  term. 
Blachere  and  Young  (54)  added  one  term  to  equation  (17)  for 
taking  into  consideration  the  effect  of  liquid-vapor  inter- 
faces. Williams  (55)  also  added  another  term  to  equation 
(17)  in  order  to  include  the  effect  of  solid-vapor  inter- 
faces.  Expressions  (16)  and  (17)  only  differ  in  the  assumed 

value   of   surface   tension,   o      or  ac  T  .   The  use  of  the 

L-g         b— L 


former  yields  greater  freezing  point  depressions  since  a 
<  °S-L- 
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Based  on  the  experiments  performed  by  Powers  and  Brown- 
yard  (9),  which  support  oT     instead  of  ac   ,  Fagerlund  (56) 

used  a,  in  his  derivations  and  he  arrived  to  the  following 

L-g  6 

serai-empirical     expression    applicable    in    the    range 
-50°C  <  AT  <  0 


whe  re  : 
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capillary  radius  (microns) 
freezing  point  depression  (  C) 
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Experimental  studies  have  been  conducted  to  verify   the 
applicability   of   theoretical   derivations.    Blachere   and 
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Young  (54)  used  samples  of  porous  glass  powder  of  different 
mean  capillary  pore  sizes,  and  differential  thermal  analysis 
was  used  to  detect  the  freezing  temperature  during  cooling. 
They  found  reasonable  agreement  between  their  experimental 
results  and  a  modified  equation  (17).  Fagerlund  used  the 
experimental  results  reported  by  Williams  (55),  and  he  found 
that  equations  (16),  (17),  and  (18)  lie  close  to  the  experi- 
mental observations. 

In  the  present  study,  no  attempt  is  made  to  discuss  the 
assumptions  behind  the  expressions  and  their  limitations. 
However,  a  few  practical  observations  are  pertinent.  Equa- 
tions (16),  (17)  and  (18)  are  based  on  properties  of  water 
whose  magnitude  may  not  be  accurate  as  temperature  and 
capillary  pore  size  decreases,  i.e.  surface  tension,  latent 
heat  of  fusion,  density,  etc.  Likewise,  the  semi-empirical 
expression  (18)  was  compared  with  experimental  results 
obtained  at  temperatures  from  -0.2  to  about  -2  C,  which 
makes  uncertain  any  extrapolation  beyond  this  range.  Field 
temperatures  and  those  used  in  laboratory  studies  of  frost 
damage  normally  are  lower  than  -2  C. 

IV. 3   Experimental  Work 


An  experiment  was  designed  to  determine  the  freezing 
point  of  water  in  a  saturated  rock  sample.  The  experiment 
is  based  on  the  fact  that  water  increases  its  volume  once  it 
freezes,   and   this   volume   change   can  be  recorded  using  a 
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dilatometric  flask.  It  is  assumed  that  the  test  specimen  is 
completely  saturated  at  the  beginning  of  the  test;  the  vali- 
dity of  such  assumption  can  be  reasonably  verified  from  the 
actual  experimental  results. 

IV. 3.1   Conceptual  Approach 

The  determination  of  the  relationship  between   freezing 

point   and   capillary   pore  size  is  based  upon  the  following 

conceptual  approach.   Assume   a   rock   sample   of   unit   dry 

weight  whose  physical  properties  are  known,  i.e.  absorption, 

specific  gravity,  pore  size  distribution,  etc.    After   this 

sample   is   saturated   with   water,   and  the  volume  of  empty 

pores  is  negligible,  a  volume  of  water  V    will   be   filling 

w 

its  pore  structure.  This  volume  of  water  is  absorbed  in  a 
range  of  capillary  pore  sizes  of  the  relative  proportions 
represented  by  the  PSD  of  the  porous  matrix,  Figure 
IV  .1  .(b)  . 


As  the  temperature  drops  below  zero  centigrade  degrees, 
water  progressively  freezes  in  first  the  larger,  and  then 
the  smaller  pores.  As  a  consequence  of  this  freezing,  a 
cumulative  volume  increase  AV  results,  which  corresponds 
either  to  water  expelled  to  the  surface  of  the  sample,  where 
it  freezes,  or  to  ice  formed  inside  the  sample.  From  the 
observed  volume  increment  AV  .  at  any  temperature  T  .,  Figure 
IV. 1. (a),  it  is  possible  to  compute  the  corresponding  volume 
of  frozen  water  V.;  then,  from  Figure  IV.l.(b),  it   is   also 
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posible  to  determine  the  smallest  pore  diameter  in  which  the 
water  has  become  frozen. 

Once  a  convenient  number  of  data   points   (d   T  )   have 

J »  J 

been  obtained,  a  statistical  regression  analysis  can  be  per- 
formed in  order  to  define  the  nature  of  the  relationship 
between  pore  size  and  freezing  point  depression. 

IV. 3. 2   Experimental  Determinations 

Materials  and  Apparatus 

Two  rock  samples  were  used  in  this  experiment,  samples 
designated  as  P  and  G;  their  physical  properties  are  indi- 
cated in  Appendix  A. 

The  equipment  consisted  of: 

A.  Freezing  chamber,  Thermotron  Model  SM-8C,  where  tem- 
peratures as  low  as  -60  C  can  be  applied.  The  cooling 
rate  was  manually  controlled  at  about  4  to  5   C/hr. 

B.  Three  thermistors,  previously  calibrated,  were  used  for 
temperature  readings  at  the  center  and  at  the  surface 
of  the  dummy  specimen.  The  third  thermistor  was  used 
for  taking  the  temperature  of  the  chamber  close  to  the 
test  specimen . 


C.   A  dilatometer,  constructed  by  joining  a  1  cm    pipette, 

3 
with   l/100cm    subdivision,   to   the  cap  of  a  standard 

3 
weighing  bottle  of  45cm   capacity,  Figure  IV. 2. 
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Figure  IV. 2   Dila tome ter 
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Test  Specimens  and  Conditioning 

Two  cylindrical  test  specimens,  1  3/8"  diameter  and  2" 
height,  were  obtained  from  each  sample  P  and  G  using  a  dia- 
mond bit.  One  specimen  was  used  for  taking  the  temperature 
readings  and  the  other  for  taking  the  corresponding  readings 
of  volume  change.  Both  specimens  were  oven  dried  for  24  hrs 
at  105  C,  and  then  they  were  vacuum  saturated  with  dis- 
tilled water.  Once  the  specimens  were  vacuum  saturated, 
they  were  left  immersed  in  water  for  at  least  two  weeks 
bef  ore  testing. 

It  was  decided  to  measure  temperature  changes  using  a 
dummy  specimen,  conditioned  exactly  as  the  active  specimen, 
in  order  to  avoid  undesirable  disturbances  during  the 
recording  of  volume  changes.  Temperature  was  measured  at 
the  center  and  at  the  surface  of  the  dummy  specimen;  the 
temperature  difference  was  always  smaller  than  about  1.5  C, 
and  the  mean  value  was  used  in  subsequent  computations. 
Figure  IV  .3  .  The  sample  continuity  was  restored  by  filling 
the  3/16"  perforation  with  rock  powder  obtained  from  the 
same  sample.  The  water  content  of  this  filling  powder  was 
fixed  equal  to  that  of  the  surrounding  material. 

Testing  Procedure 


After  conditioning  two  specimens  of  the  same  sample  as 
described,  both  were  weighed  saturated  and  surface  dry 
(SSD),  three   times   each   to   detect   and   to   average   any 
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Figure  IV. 3   Dummy  Specimen  for  Temperature  Measurements 
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possible  weight  variation  when  the  specimens  were  brought  to 
SSD  condition.  Then  t  li  e  specimen  was  Immediately  pLaced  in 
the  dilatometer  flask,  which  was  then  filled  with  mercury 
from  the  lower  part  in  order  to  force  the  inside  air  upward 
as  filling  proceeded.  It  was  carefully  checked  that  no  air 
bubbles  were  left  inside  of  the  flask  and  the  pipette,  Fig- 
ure IV  .4  .  Once  the  thermistors  were  in  place,  the  same  pro- 
cess was  repeated  with  the  dummy  specimen. 

Both  flasks  were  put  inside  of  the  freezing  chamber  at 
room  temperature  and  initial  readings  were  taken,  starting 
at  about  8  C,  the  cooling  rate  was  manually  controlled  at 
about  4  to  5  C/hr  and  simultaneous  readings  of  volume 
change,  temperature,  and  time  were  taken. 

Resu Its 
Analysis  and  Interpretation 

The  experimental  results  are  shown  in  Figure  IV. 5.  The 
discussion  and  interpretation  of  these  results  are  presented 
in  the  following  section. 


Pipette  readings  against  temperature  in  the  range  +10 
C  to  about  -30  C  are  shown  in  Figure  IV. 5.  Three  charac- 
teristic responses  of  the  testing  specimen  can  be  identified 
in  this  graph.  First  there  is  a  volumetric  contraction 
between  +10  C  and  about  -2  C,  which  is  linearly  dependent  on 
temperature  and  can  be  represented  as  follows: 
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Figure  IV. 4   Test  Specimen  in  Dilatome ter  Filled  with 
Mercury 
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19 


whe  re 


aV         =  total  volumetric  thermal  contraction 
T 

corresponding  to  temperature  change  AT. 
a  =  volumetric  coefficient  of  thermal 

cont  ract  ion 
m »  Hg,  g   =  subindices  representing  testing  material, 

mercury,  and  glass  flask 
Second,  starting  at  the  initial  freezing  point  of  capillary 
water  at  about  -2  C  and  down  to  about  -30  C,  a  deviation 
from  the  straight  line  response  is  observed.  The  difference 
between  the  observed  value  and  the  projection  of  the 
straight  line  is  directly  proportional  to  the  volume  of 
frozen  water,  approximately.  Finally,  the  third  charac- 
teristic response  is  observed  when  the  whole  system  starts 
contracting;  this  is  because  all  the  freezable  water  has 
been  frozen  at  that  minimum  temperature. 

From  Figure  IV. 1. (a),  it  is  possible  to  compute  the 
cumulative  amount  of  frozen  water  V  .,  at  any  temperature  T  .; 
then,  from  the  cummulative  PSD  representing  the  total  amount 
of  water  absorbed  in  the  testing  specimen,  it  is  possible  to 
determine  the  pore  size  d  .  up  to  which  water  has  been  pro- 
gressively frozen.   Figures  IV  .l.a  and  b. 


This  operation  of  going  from  T.  to  V.  and  from  V.  to  d.,   as 

described,  was  repeated  for  each  temperature  reading  made  in 

the  experiment.   Finally  a  data  set  of  31  points  (T  .  d  *  was 

J  ♦  J  / 
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obtained  for  further  analysis,  Table  IV. 1.  It  was  suspected 
that  a  few  points  at  the  beginning  of  the  temperature  range 
would  be  rejected;  this  is  because  of  the  sudden  changes  of 
volume  and  temperature  occurring  at  the  beginning  of  freez- 
ing, which  makes  it  difficult  to  take  accurate  readings. 
The  identification  and  rejection  of  such  points  was  left  for 
the  statistical  analysis. 


Table  IV. 1   Experimental  Readings  During 

Freezing  of  Rock  Specimen 


Tempe  ra ture 


(°C) 

-1 

.r; 

-2 

.1 

-2 

,3 

-2 

.5 

-2 

.9 

-3 

.5 

-4 

.0 

-4 

.3 

-5 

.0 

-5 

.4 

-6 

,2 

-6 

<9 

-7 

.8 

-8 

.2 

-9 

.1 

-9 

.9 

-10 

.4 

-12 

.2 

-14 

.0 

-16 

.1 

-19 

.1 

-21 

.5 

-22 

.6 

-23 

.6 

-25 

.2 

-26 

.0 

-26 

.8 

-28 

=  3 

-29 

.3 

-30 

,8 

Volume 
Increase 

(xl0_1  C.C.) 


Diamet  e  r 


(microns ) 


0  .48 
0  .58 
0  .70 
0  .80 

0  .92 

1  .05 
1  .18 
1  .25 
1  .43 
1  .56 

1  .81 

2  .05 
2  .20 
2  .26 
2  .45 
2  .60 
2.66 

2  .93 
3.12 

3  .29 
3  .49 
3  .62 
3.63 
3  .66 
3  .74 
3  .73 
3  .73 
3  .77 
3.75 
3  .77 


0  .45 
0  .16 
0  .077 
0  .062 
0  .051 
0  .045 
0  .040 
0  .037 
0  .030 
0  .028 
0  .024 
0  .020 
0  .019 
0  .0187 
0  .0176 
0  .0167 
0  .0163 
0  .0147 
0  .0136 
0  .0125 
0.0113 
0  .0106 
0  .0105 
0  .0103 
0  .0099 
0  .0099 
0  .0099 
0  .0098 
0  .0098 
0  .0097 
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The  statistical  analysis  consisted  of   empirical   model 

building   using   the   (T  .  d.N   data   set.   Three  statistical 
6  J,  J) 

models  were  derived  from  the  data  set.  They  were  sequen- 
tially derived  and  adjusted  until  the  basic  assumptions  of 
regression  analysis  were  met,  and  the  physical  phenonemon 
was  properly  represented.  The  first  form  of  the  model, 
adopted  from  equations  (16)  and  (17),  was  obtained  after  the 
logarithmic  transformation  of  the  data  set.  The  second 
model  was  studied  because  of  the  "lack  of  fit"  of  the  first, 
and  its  form  was  assumed  after  inspecting  the  logarithmic 
plot  of  the  data.  The  form  of  the  third  model  was  derived 
because  of  the  physical  inconsistency  of  the  second  model  at 

T  =  0  C,  this  inconsistency  was  eliminated  after  forcing  the 
o 

regression  analysis  through  the  origin.  All  three  models 
are  included  in  Table  IV. 2. 


Table  IV.2   Empirical  Models  of  the  Freezing  Process 
in  a  Porous  Matrix 


Model 


Empi  ri  cal  Model 


R2* 


I 

II 

III 


d.T 


•0  .7439 


-0.9815 


1/d    =    -4  .2545  +  8 .7601T-0  .2542T2    +0.2729x10    2T3 
1/d    =    7  .6656T-0  .1824T2    +    0.1370xl0~2    T3 


0  .961 
0  .997 
0  .999 


whe  re 


d  =  pore  diameter,  microns 

T  =  freezing  point  depression,    C 

2 

*  R  =  coefficient  of  determination 
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As  can  be  observed,  all  three  analyses  strongly  confirm 
that  a  continuous  relationship  between  T.  and  d.  exists,  at 
least  in  the  temperature  range  under  consideration.  How- 
ever, despite  the  high  value  of  the  correlation  coefficient 
in  each  case,  the  pattern  of  residuals  invalidates  Model  I, 
and  physical  consideration  of  the  phenomenon  invalidate 
model  II.  Finally,  the  third  model  was  selected  because  no 
model  violations  were  detected  by  inspecting  the  plot  of 
residuals,  and  the  physical   conditions   of   the   phenomenon 

were   satisfied.    It   should  be  noticed  that  by  forcing  the 

2 
regression  analysis  through  the  origin,  the  magnitude  of   R 

is  expected  to  be  different  from  that  previously  obtained 
and  shown  in  Table  IV. 2.  Despite  such  a  difference,  the 
agreement  between  predicted  and  observed  values  is  excel- 
lent . 

The  predicting  power  of  the  expression  obtained  in  this 
study  was  verified  against  the  experimental  results  obtained 
by  Williams  and  discussed  by  Fagerlund  in  Figure  1,  p.  216, 
of  his  paper  (56).  For  the  same  purpose,  the  experimental 
results  obtained  by  Blatchere  and  Young,  Figure  1,  p.  307, 
reference  (54),  were  also  used.  In  both  cases  the  agreement 
between  the  experimental  results  and  the  values  estimated 
using  the  third  model  is  excellent. 


Dolch  (57)  derived  an  equation  which  relates  melting 
point  of  water  to  capillary  radius.  This  equation  is  given 
as  follows : 
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d.T  =  2.34  x  10_1  20 

whe  re 

d  =■  capillary  pore  size,  microns 

T  =  melting  point,   C 
This  expression   yields   almost   identical   results   to   the 
semi-empirical   expression   proposed   by  Fagerlund  (56).   In 
Figure   IV. 6,   both   expressions   and   the   empirical   model 
derived  from  the  data  in  this  study  are  shown. 

Implications  with  Respect  to  Frost  Damage 


According  to  the  hydraulic  pressure  hypothesis,  the 
magnitude  of  the  hydraulic  pressure  generated  in  a  saturated 
porous  sample  during  freezing  is  given  by  (6) 


max 


0.09  V   L 
27  .7  K 


21 


whe  re 


max 


maximum  hydraulic  pressure,  psi 
L      =  dimension  of  aggregate  in  direction  of  freezing, 

in. 
K      =  permeability  coefficient  of  aggregate,  cm/sec 
V.     =  rate  of  freezing  of  water,  cm/sec 
It  has  been  already  discussed  how  the   permeability   coeffi- 
cient  decreases   as   the   temperature   drops.   Further  con- 
sideration is  given  in  this  section  to  the  second   important 
parameter   V  ,   the   rate  of  freezing  of  water.   In  computa- 
tions reported  in  the  literature  related   to   frost   damage, 
freezing   rates   of  1  in/hr  and  2.5  in/hr  have  been  used  (6, 
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Figure  IV. 6   Freezing  Point  of  Water  as  a  Function  of 
Pore  Diameter 
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19).  It  was  postulated  in  the  beginning  of  this  chapter 
that  V  was  expected  to  be  dependent  on  the  pore  size  dis- 
tribution of  the  porous  matrix;  the  purpose  of  this  discus- 
sion is  to  illustrate,  quantitatively,  such  dependence. 

Assume  two  imaginary  saturated  rock,  samples  of  identi- 
cal  geometry  and  physical  properties,  which  are  frozen  at  a 

uniform  cooling  rate  H   (  C/hr).   They  have  the  same   poros- 

o 

ity,  but  their  respective  PSD  are  different,  they  are 
translated  respective  to  each  other  as  it  is  shown  in  Figure 
IV  .7  . 

Assuming  that  the  minimum  temperature  is  low  enough  for 
all  the  water  to  become  frozen  in  both  samples,  the  total 
discharge  from  each  sample  is  given  by 


SAMPLE  1  SAMPLE  2 

0.09  Vm  0.09  V, 


q   =   q   = __ 

tlf   t^  L  C2f   C2i 


whe  re : 


0,  ,  Q2  =  discharge  (cc/hr) 

V  =  volume  of  absorbed  water 

t.  ,  t„.  =  time  at  which  freezing  starts 

t.f,  t„f  =  time  at  which  freezing  ends 

(t.,-t..),  (t„  -t-  )   ■  time  increment  in  which  all  water 

becomes  frozen 


The  temperature  at  any  time   is   given   by   T=H  t,   and   the 
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discharge       is       also    given    by    Q    =    V  A,     where    V    is     discharge 

velocity    and    A    is     the    total       discharge       area.  Substituting 

these    values     in    equations     (22)    yields 


0.09V,       H 

™ ™ z —         and 

Tlf-Tli       A 


V, 


0  .09V,       H 
T         o 


T2f"T2i       A 


cons  equent ly 


T         T 
2f-    2i 

T  T 

If-    li 


23 


The  specific  temperature  values  indicated  in  equation  (23) 
can  be  computed  for  each  PSD  shown  in  Figure  IV. 7,  using  the 
third  empirical  expression  given  in  Table  IV. 2.  Finally, 
after  substituting  values 


V 

V, 


1 


20  .2 


This  simple  example  illustrates  how  the  rate  of  water 
expulsion  or  discharge,  and  consequently  the  rate  of  freez- 
ing of  water,  depends  on  the  PSD  of  the  porous  matrix.  It 
is  also  evident  that  two  opposite  effects  are  taking  place 
as  freezing  of  water  progresses.  First,  the  rate  of  ice 
propagation  and  water  expulsion  decreases;  which,  taken  by 
itself,  should  generate  lower  hydraulic  pressures.  However, 
this  may  not  happen  because  the  effective  permeability  is 
also  reduced.  Whether  or  not  the  simultaneous  occurrence  of 
both  effects  cancels  each  other  is  not  known.  A  simplified 
approach  to  answer  this  question  is  desirable. 
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Observations 

Sample  G  was  left  out  of  the  analysis  for  the  following 
reasons: 


A.  Owing  to  its  PSD  with  a  big  proportion  of  relatively 
large  pores,  a  large  volume  of  water  was  suddenly 
frozen  at  the  beginning  of  freezing.  Freezing  and  the 
corresponding  volume  increase  were  so  fast,  that  it  was 
not  possible  to  take  readings  of  volume  changes  as  was 
done  for  sample  P. 

B.  Because  of  the  phase  change  of  water  to  ice,  a  consid- 
erable amount  of  heat  was  released  which  suddenly 
increased  the  temperature  of  the  system.  This  tempera- 
ture change  may  give  rise  to  misleading  temperature 
readings,  which  could  invalidate  the  entire  experiment. 

Sample  P  did  not  show  the  first  problem  because  it  was 
mostly  composed  by  relatively  small  capillary  pores.  In 
addition,  the  initial  amount  of  frozen  water  was  small 
enough  that  no  large  increment  of  temperature  occurred. 
Despite  such  small  values  of  initially  frozen  water  and  tem- 
perature increment,  the  first  two  readings  appeared  as 
outliers  in  the  plot  of  residuals  of  the  regression 
analysis.  For  that  reason.  they  were  rejected  and  excluded 
from  further  statistical  analyses. 

The  total   volume   of   frozen   water   in   sample   P   at 
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-30.8  C,   was   equal  to  V   =  4.19  cm  .   Given  that  the  total 

3 
volume  of  vacuum  absorbed  water  was  V   =  5.83cm  ,   It   means 

3 
that   V     =   1.64cm    remained   as   unfrozen   water  at  such 
uf 

minimum  temperature.   Three  possible  reasons  are  advanced  to 

explain   this   findings.    First,   the   minimum   temperature 

applied,  -30.8  C,  was  not  low  enough   to   freeze   the   water 

absorbed   in   the   finer  capillaries.   Second,  the  degree  of 

saturation  was  less  than  100%;  therefore,  part  of  the  volume 

change   was   accommodated   in   the   empty   pores  of  the  test 

specimen.   The  third  reason  is  suggested  by   the   inspection 

of  Figure  IV  .5  .      In  that  figure,  it  appears  that  the  last 

two  or  three  points  lie  on  a  straight  line  which  is  parallel 

to   the   straight   line   representing  the  first  stage  of  the 

freezing  process.   This   may   be   indicative   that   all   the 

freezable   water   has   been   frozen,   and   the   volume  V  .  = 

uf 

3 
1.64cm   corresponds  to  unfreezable  water,  regardless  of   the 

minimum  applied  temperature. 

It  is  possible  that  more  than  one  of  the  previous  rea- 
sons are  involved  in  these  results.  However,  the  following 
discussion  is  presented  in  support  of  the  third. 


It  is  recognized  that  the  properties  of  water  adsorbed 
on  a  solid  surface  are  different  from  those  of  bulk  water 
(58).  In  particular  the  freezing  point  of  water  is  substan- 
tially depressed,  and  for  layers  of  water  molecules  close  to 
the  surface  of  the  adsorbent,  freezing  may  not  occur  at  all. 
Powers   and   Brownyard   (9)  conducted  several  experiments  in 
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order  to  estimate  the  thickness  of  the  layer  of  unfreezable 
water  adsorbed  on  cement  paste;  they  found  this  thickness  to 
be  7  to  10  Angstroms. 

In  this  study,  the  thickness  of  unfrozen  water  was  com- 
puted as  follows: 


whe  re 


uf 


t  = 


uf 


A   d 


24 


volume  of  unfrozen  water 

pecific  surface  area 

dry  weight  of  testing  specimen 


In  the  present  expriment,  the  specific  surface  of   sam- 

2 
pie  P  is  S  =  15.5m  /gm,  as  computed  from  the  mercury  intru- 
sion data.  Finally,  after  substituting  values  in  equation 
(24)  results  that  t  =  8.4  Angstroms.  The  reasonable  agree- 
ment between  this  value  and  those  values  determind  by  Powers 
and  Brownyard,  seems  to  support  the  significance  of  the 
third  reason  to  explain  the  volume  of  unfrozen  water. 

IV  .4   Cons  iderat  ion  About  Frost  Action  in  Connect  ion  with 
Rate  of  Ice  Formation  and  Pore  Structure 


The  rate  of  ice  formation  relative  to  a  pore  structure 
has  been  discussed  based  upon  phenomenologica 1  considera- 
tions. In  order  to  have  a  better  insight  of  the  mechanism 
of  frost  action  in  rocks,  as  it  is  influenced  by  the  rate  of 
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ice  formation  and  pore  structure,  it  is  necessary  to  develop 
a  quantitative  approach  relating  these  parameters. 

In  this  section  a  simplified  approach  of  the  relation- 
ship between  frost  action,  rate  of  ice  formation,  and  pore 
structure  is  presented.  The  purpose  of  this  approach  is  to 
estimate  the  magnitude  of  limiting  pore  diameters  which  are 
likely  to  control  the  occurrence  of  frost  damage  in  porous 
building  materials.  After  these  values  are  estimated,  sig- 
nificant general  conclusions  with  respect  to  frost  suscepti- 
bility can  be  drawn. 

Because  of  its  importance  in  the  present  analysis,  the 
magnitude  of  the  rate  of  ice  propagation  or  rate  of  ice 
growth  is  discussed  first.  The  rate  of  ice  formation  in 
bulk  water  is  different  from  the  rate  of  ice  formation  in 
small  capillaries.  Small  capillaries  give  rise  to  freezing 
point  depressions  as  was  already  discussed  in  this  chapter; 
however,  beyond  a  certain  pore  diameter  such  influence 
becomes  negligible  and  water  freezes  close  to  0  C.  In  this 
situation,  the  rate  of  ice  formation  in  a  saturated  porous 
matrix  is  expected  to  occur  as  it  does  in  bulk  water. 

In  bulk  water,  the  free  growth  of  ice  crystals  has  been 

reported   to   occur   at  a  certain  rate  which  depends  on  the 

extent  of  supercooling.  Hillig  and  Thurnbull  (59)  conducted 

their  experiments  using  glass  tubes,  and  they  found  the  rate 
to  be 


U.  =  (0.158  1  0.009)AT1,69  ±  °'°3  cm/sec 
1 
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25 


whe  re 


AT  »  extent  of  supercooling  (  C) 

From  experimental  measurements  Lindemeyer,  Orrok,  Jackson, 
and  Chalmers  (61)  found  that  the  rate  of  ice  formation  is 
not  uniquely  dependent  on  AT,  but  "...  the  velocity  depends 
upon  whether  the  ice  is  growing  freely  in  water  or  on  a 
solid  surface,  and  on  the  properties  (presumably  thermal 
diffusivity)  of  the  solid".  Given  that  the  thermal  dif- 
fusivities  of  glass  and  concrete  are  approximately  the  same, 
the  rate  of  ice  formation  in  both  materials  is  expected  to 
be  within  the  same  order  of  magnitude.  Data  reported  by 
Helmuth  (61),  obtained  with  saturated  cement  paste  samples, 
show  reasonable  agreement  with  the  values  predicted  by  equa- 
tion (25).  These  data  are  used  in  subsequent  computations 
in  this  section. 


Owing  to  the  relatively  large  pore  diameters  of  most 
rocks,  and  the  likely  presence  of  surface  ice  on  concrete 
structures  such  as  pavements,  a  large  extent  of  supercooling 
is  not  expected  to  take  place.  Assuming  AT  =  -2.7  C 
implies,  from  Helmuth's  determination,  that  the  rate  of  ice 
propagation  is  U  =  0.51  cm/sec.  This  value  is  used  in  the 
following  simplified  analysis  of  the  freezing  process  in 
rock  samples. 
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Basic  Assumptions 

1.  Internal  hydraulic  pressure  results  due  to  viscous 
forces  opposing  the  movement  of  water  out  of  a  test 
spe  cimen. 

2.  Flow  of  water  during  freezing  is  unidirectional.  This 
condition  can  be  satisfied  by  fixing  the  geometry  of 
the  test  specimen. 

3.  The  porous  matrix  is  characterized  by  a  parallel  model 
of  tortuous  tubes  of  uniform  and  single  diameter  d,  and 
porosity  n  . 

In  Figure  IV. 8  is  shown  a  testing  specimen  whose  physical 
properties  are  known.  The  equilibrium  conditions  at  failure 
due  to  freezing  action  can  be  stated  as  follows. 


whe  re 


ZF   =  0: 
z 


o   A   =  AP  a 
u   T      H  v 


26 


ultimate  tensile  strength 

hydraulic  pressure  at  the  center  of  the  specimen 

gross  area 

area  of  voids 


%  AT 
porosity 


(27) 


According  to  the  Poiseuille   equation,   assuming   round 
pores   and   taking   a   tortuous  flow  into  consideration,  the 
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->z 


Figure  IV. 8   Rock  Test  Specimen 
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internal  hydraulic  pressure  at  the  center   of   the   specimen 
is: 


whe  re 


u 
K 


U. 
i 


cr 


AP 


32u  K  L  U. 

H      d2   10 
cr 


vi  cos  i t  y 

tortuosity  factor 

rate  of  ice  formation 

critical  pore  diameter 

half  the  thickness  of  the  sample 
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Substituting  (27)  and  (28)  into  (26)  yields 


32uK  L    U 


and  f  inal ly 


o   A   =  =- 

u   T      .2 


!_    _1    A 
"  10  noAT 


cr 


2      32uL  U, 

■  cr  _    * i     „ 

d      -  — ry: n   K 

10a      o   t 
u 


29 


A  preliminary  parametric  study  or  sensitivity  analysis  of 
the  freezing  process  can  be  performed  using  equation  (29). 
According  to  the  purpose  of  this  section,  a   limiting   value 

d    was  computed  using  the  following  values: 

cr 

U   =  0.51  cm/sec     (from  reference  61) 

u  =  4x10    = (from  reference  62) 

ft 

n   =0.15, K   =5,   a       =    1000  psi 
o  t         u 


the  viscosity  value  corresponds   to   -2  C;   the   last   three 
values   were   estimated   and   are   assumed   to  be  reasonably 
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va  li  d 


After  computations,  it  is  found  that 


d    =  1  .15  x  10  5  \  |L  (in) 
cr 


30 


Typical  L  values  which  occur  in  most  practical  situa- 
tions are:  1/4",  3/8",  1/2",  and  3/4",  after  substituting 
these  values  in  equation  (30)  yields  the  following  pore 
diameters:  0.15u,  0,18y,  0.21y,  and  0.25y,  respectively. 

The  freezing  process  giving  rise  to  internal  hydraulic 
pressures  and  corresponding  tensile  strains,  is  more  complex 
than  the  ideal  situation  previously  analyzed.  In  order  to 
resemble  reality  more  closely,  a  second  approach  is  desir- 
able; however,  from  the  results  of  the  more  simplified  case 
important  inferences  can  be  drawn  regarding  any  rock  sample. 
Assuming  that  the  pore  size  distribution  is  known,  then 

A.  The  range  of  sizes  of  the  critical  pore  diameter,  as  it 
was  analyzed,  is  small;  for  practical  considerations  a 
working  value  equal  to  0.2y  may  be  used. 

B.  A  significant  volume  of  pores  whose  diameter  is  smaller 
or  equal  than  about  0.2u,  can  be  expected  to  give  rise 
to  high  internal  hydraulic  pressures  and  severe 
deterioration  by  the  critical  distance  mechanism. 


C.   If  the  total  volume  of  pores  is  composed  by  pore  diame- 
ters  larger   than   about   2u,   insignificant  hydraulic 
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pressure  of  about  10  psi  or  less  should  develop.  Under 
this  condition,  no  failure  of  the  testing  specimen 
takes  place  by  the  critical  distance  mechanism.  It 
should  be  noticed  that  d  =  2u  is  the  upper  limiting 
diameter  postulated  in  Chapter  II. 

D.  If  the  diameter  of  the  total  volume  of  pores  is  within 
the  range  from  0  . 2  p  to  2u,  failure  may  occur  depending 
on  the  total  cumulative  tensile  strain  that  can  be 
developed  during  freezing.  This  cumulative  tensile 
strain  depends  on  the  entire  pore  size  distribution. 

For  the  sake  of  simplicity  a  parallel  model  and  tortu- 
ous flow  have  been  assumed;  it  has  also  been  tacitily 
assumed  that  after  freezing  occurs,  the  ultimate  strength  o 
is  reached  at  once.  Common  building  materials  have  a  wide 
range  of  pore  sizes,  and  the  ultimate  strength  is  reached 
sequentially  as  the  temperatue  drops  and  the  cumulative  ten- 
sile strain  tends  toward  the  ultimate  strain. 


Despite  the  simplifying  assumptions  behind  the  present 
approach,  the  validity  of  the  main  concepts  involved  in  the 
derivations  are  expected  to  give  the  reasonable  order  of 
magnitude  to  the  results.  The  magnitude  of  the  limiting 
diameter  d  ,  as  it  was  defined  and  discussed  in  Chapter  II, 
was  found  to  be  d  =  2pm  which  is  in  reasonable  agreement 
with  the  set  of  values  obtained  by  Sweet  (13),  Blanks  (14), 
Walker   and   Hsie   (15),   and  Polach  (16).   In  any  case,  the 
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present  findings  should  be  taken  as  working  results  that  can 
be  useful  for  further  analyses  of  frost  action  in  porous 
materials,  as  well  as  for  re i nt e rp re t a t ion  of  laboratory  and 
field  observations. 

Based  on  the  findings  and  discussions  of  this  chapter, 
it  is  possible  to  identify  three  regions  in  the  normal  range 
of  pore  sizes  of  most  building  materials.  These  regions  can 
be  conventionally  defined  by  taking  into  consideration  the 
failure  mechanisms  postulated  by  Verbeck  and  Landgren  (19). 
Assuming  three  rock  samples  of  equal  porosity  and  different 
pore  size  distributions,  such  as  it  is  shown  in  Figure  IV. 9, 
they  are  likely  to  exhibit  the  responses  indicated  in  Table 
IV  .3  . 


Table  IV. 3   Potential  Failure  as  it  Depends  on  Pore  Size 
Distribution  (PSD) 


PSD 


Potential  Type  of  Failure 


I  Failure  by  the  critical  distance  mechanism  is  the 
more  likely  to  occur. 

II  Additional  theoretical  analysis  is  required  in  order 
to  make  a  reasonable  prediction  respect  of  the 
likelihood  of  failure. 

III  Failure  of  surrounding  matrix  may  occur  by  the 
expulsion  mechanism. 


Typical  examples  of  building  materials  with  well  known 
frost  susceptibility  whose  PSD  is  located  in  range  I  of  Fig- 
ure IV. 9  are  hardened  cement  pastes  28  days   old   and   water 
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cement  ratio  0.60,  reference  (63).  By  the  contrary,  materi- 
als whose  pore  structure  is  mostly  composed  by  large  pores 
located  in  range  III  are  slag  aggregates,  reference  (22). 


Most  of  the  time  concrete  aggregates  exhibit  a  wide 
range  of  pore  sizes,  and  their  pore  structure  is  composed  by 
different  proportions  of  pores  corresponding  to  the  three 
ranges.  In  these  cases,  a  significant  volume  of  pores  in 
ranges  I  and  II  is  characteristic  of  frost  non-resistant 
aggregates;  by  the  contrary,  insignificant  volumes  of  pores 
in  ranges  I  and  II,  and  abundance  of  pores  in  range  III  are 
characteristic  of  frost  resistant  aggregates.  The  previous 
statement  is  supported  by  a  close  inspection  of  the  results 
reported  in  reference  (25),  which  are  indicated  in  Table 
IV. 4.  Further  evidence  can  be  obtained  analysing  the  PSD  of 
the  argillaceous  aggregates  studied  by  Shakoor  (24). 
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Table  IV  .4   Volume  of  Pores  in  Ranges  I,  II,  and  III  of 
Samples  Taken  from  Reference  (25) 


Sample    exlO 


-6* 


NDF**     (  AV  +AV   )*** 


*   Critical  dilation,  in/in 

**   Normalized  durability  factor 


a  III 


BR-3 

>500 

8  .9 

104  .5 

18  .5 

CC-1 

131 

36  .0 

4  .9 

105  .7 

K  -1 
e 

197 

19  .6 

35  .2 

50.2 

H-l 

500 

3.5 

79  .8 

2.1 

F-2 

i) 

46  .5 

8  .8 

87  .3 

M  C 
c 

250 

27  .2 

10  .5 

BR-5 

157 

15  .3 

BR-1 

300 

19  .9 

PC-1 

236 

16  .7 

28  .8 

0.7 

MB 

194 

35  .6 

23  .7 

7  .0 

K 
o 

283 

31  .8 

18  .9 

0.5 

BM-1 

0 

78  .1 

3  .0 

0  .6 

*  *  * 


AV,  =  intruded  volume  in  the  t-th  range  of  pori 
sizes  (xlO    cc/gm) 
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CHAPTER  V 

LABORATORY  FROST  SUSCEPTIBILITY 

OF  BITUMINOUS  SPECIMENS 

V  .  1   Introduction 

V.l.l   Statement  of  the  Problem 

The  use  of  argillaceous  aggregates  in  several  bitumi- 
nous pavements  in  Indiana  has  been  very  detrimental  for 
their  serviceability  and  structural  integrity.  It  has  been 
found  that  some  of  these  bituminous  pavements  experienced 
serious  damage  within  a  period  of  one  to  two  years.  The 
extent  of  damage  made  resurfacing  necessary  in  some  cases. 
Shakoor  (24)  described  one  typical  failure  that  took  place 
as  follows: 


"Aggregate  from  Ledge  6  of  quarry  L,  the 
upper  few  feet  of  which  are  quite  argil- 
laceous, was  used  in  this  road.  Again, 
there  was  a  rapid  break  up  of  this 
aggregate  and  the  broken  particles  con- 
tinued to  come  loose.  Pitting  of  the 
pavement  surface  was  the  dominant  mode 
of  failure." 

In  addition,  the  same  author  pointed  out  that  the  applica- 
tion of  deicing  salts  played  an  important  role  In  such  a 
type  of  f  ai lure  . 
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It  is  important  to  conduct  further  studies  of  this 
problem  because  of  the  depletion  of  excellent  aggregate 
sources,  which  stresses  the  need  for  using  aggregate  sources 
including  varying  percentages  of  deletereous  materials,  i.e. 
argillaceous  aggregates. 

V.1.2   Statement  of  Objectives 

The  fact  that  bituminous  pavements  were  the  most 
affected  by  the  argillaceous  aggregates  under  consideration 
suggested  the  following  approach.  It  was  decided  to  study 
the  problem  under  laboratory  conditions  first,  and  then, 
based  on  those  findings,  to  propose  some  recommendations  for 
additional  studies  under  actual  field  exposure.  The  labora- 
tory study  was  guided  by  two  questions 

1.  What  are  the  most  influential  factors  in  the  type  of 
failure  taking  place? 

2.  Is  it  possible  to  use  small  percentages  of  argillaceous 
aggregates  in  surface  layers  of  bituminous  pavements, 
without  having  excessive  deterioration? 

In  order  to  obtain  alternative  answers  to  those  questions, 
the  following  objectives  were  stated  in  this  part  of  the 
study: 


1  .  To  investigate  the  relative  effect  of  asphalt  content 
and  percent  of  deletereous  aggregates  on  the  frost 
resistance  of  bituminous  specimens. 
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2.  To  propose  some  recommendations  for  future  studies  of 
the  problem  under  field  exposure. 

V  .  2   Experimental  Wo  rk 

An  experimental  study  was  designed  to  determine  the 
relative  effect  of  asphalt  content  (A)  and  percentage  of 
deletereous  aggregates  (P)  on  the  frost  resistance  of 
bituminous  specimens.  It  was  suspected  that  the  larger  the 
asphalt  content  the  more  protected  unsound  aggregates  are  to 
become  water-saturated.  Based  on  practical  considerations, 
two  levels  of  asphalt  content  were  included  in  this  experi- 
ment: 4%  and  6%.  The  relative  effect  of  different  percen- 
tages of  "poor",  "marginal",  and  "good"  aggregates  on  frost 
resistance  is  more  difficult  to  study.  For  instance,  con- 
sidering the  following  questions 

1.  How  much  "poor"  and  "good"  aggregates  can  be  safely 
combined  in  order  to  obtain  an  acceptable  frost  resis- 
tance? 

2.  How  much  "marginal"  and  "good"  aggregates  can  be  safely 
combined  In  order  to  obtain  an  acceptable  frost  resis- 
t  ance  ? 


there  are  no  answers  to  these  questions.  The  difficulty  for 
dealing  with  this  problem  results  because,  at  the  present 
time,  there  is  not  a  proper  rating  scale  to  quantify  the 
adjectives  "poor",  "marginal",  etc.  based  on  specific 
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aggregate  properties.  Despite  the  present  situation,  it  is 
possible  to  restate  the  problem  to  obtain  useful  Limiting 
Values  by  combining  two  aggregates  with  well  known  durabil- 
ity history.  One  with  excellent  frost  resistance  and 
another  with  poor  frost  durability,  such  as  a  highly  argil- 
laceous aggregate. 

V.2.1   Statistical  Design  and  Analysis  of  the  Experiment 

In  this  section  a  completely  randomized  experiment  is 
presented  to  investigate  the  significance  of  asphalt  con- 
tent, percent  of  deletereous  aggregates,  and  number  of 
freeze-thaw  cycles  on  the  resistance  of  bituminous  speci- 
mens. The  factors,  factor  levels,  and  response  variables 
under  consideration  were  as  follows 


Factors 
Asphalt  Content  (A) 
Deleterous  Aggregates  %  (P) 
No.  of  F  &  T  Cycles  (N) 


Factor  Levels 
4%  ,  6% 

0,  30%,  5  0%,  7  0% 
50,  73 


treatment     combinations    =2x4x2 
test    specimens  =     16    x    2 

Response  Variables 

Marshall  Test  (MT) 

Pulse  Velocity  Test  (PV) 


The  mathematical  model  for  this  completely  randomized  design 
is  given  by 
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Y     =  „  +  A.  +  P  .  +  AP.  .  +  N   +  AN    +  NP 
ijk    M     i     3      i]     k      lk       Jk 

+  ANP  ...  +£,..,  w 
ljk     (ijk)L 


22 


i  =  1,2 

whe  re 


1,2,3,4 


1.2 


L  =  1,2 


Yi  jkL 


A, 


P  . 
J 


AP 


i  J 


AN 


lk 


NP  ., 


=  the  response  from  the  L-th  specimen  made  of 

i-th  asphalt  content,  the  j-th  percent  of 

deletereous  aggregates  and  tested  at  the 
k-th  number  of  F  &  T  cycles 
=  overall  mean 
=  effect  of  the  i-th  asphalt  content 

(fixed) 
=  effect  of  the  j-th  aggregate  percent 

(fixed) 
=  effect  of  the  interaction  of  the  i-th 

asphalt  content  with  the  j-th  aggregate 

percent 
=  effect  of  the  k-th  number  of  cycles 

(fixed) 
=  effect  of  the  interaction  of  the  i-th 

asphalt  content  with  the  k-th  number  of 

eye les 
=  effect  of  the  interaction  of  the  j-th 

aggregate  percent  with  the  k-th  number  of 

eye les 
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ANP 


ijk 


t(ijk)L 


effect  of  the  interaction  of  the  i-th 
asphalt  content  with  the  j-th  aggregate 
percent  and  the  k-th  number  of  cycles 
random  error  of  the  L-th  specimen  In  the 
combination  of  the  i-th  asphalt  content, 
with  the  j-th  aggregate  percent,  with 
the  k-th  number  of  cycles. 


The  analysis  of  variance  corresponding  to  the   previous 
model  is  given  in  Table  V.l. 

Table  V.l   ANOVA  Using  Equation  (22) 


Source 


d.f 


EMS 


Asphalt  Content  (A.. 

i ) 

Unsound  Aggregate  %  (P  . ,. 
APii 


Number  of  Cycles  (N 


k) 


AN 


NP 


ik 


jk 


ANP. 
ijk 

Experimental  Error 


1 
3 
3 
1 
1 
3 
3 
16 


0  +  16<(>(A) 

a2  +   8<f,(P) 

a  +   8$(AP) 

a2  +  16a(N) 


a  +  8<(>(AN) 

a2  +  4<j)(NP) 

a2  +  2<j>(ANP) 
2 


Total 


31 


From  the  inspection  of  the  ANOVA  table,  it  is   observed 
that   the   statistical   significance  of  all  main  effects  and 
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factor  Interactions  Is  tested  using  the  error  term. 

V.2.2   Materials  and  Test  Specimens 

Two  .jggregate  samples  were  used  for  making  the  test 
specimens  used  in  this  experiment.  One  aggregate  sample  was 
highly  resistant  to  freezing  and  thawing  action.  The  second 
aggregate  sample  was  obtained  from  a  single  argillaceous 
ledge  of  very  poor  resistance  to  freezing  and  thawing.  The 
physical  properties  of  this  Ledge  were  thoroughly  studied  by 
Shakoor,  and  it  was  identified  as  Ledge  5  of  Quarry  K,  in 
reference  (24). 


Large  pieces  of  rock  were  obtained  from  Ledge  5,  and 
they  were  crushed  and  sieved  in  the  laboratory  for  the  pur- 
pose of  getting  the  proper  aggregate  gradation.  Such  aggre- 
gate gradation  corresponds  to  a  suface  mixture  Type  II,  No. 
9  as  it  is  designated  in  the  Standard  Specifications  of  the 
State  of  Indiana  (65).  Given  that  the  smaller  sizes  are  not 
expected  to  be  influential  in  the  frost  damage,  only  the  two 
larger  sizes  of  the  entire  gradation  were  taken  into  con- 
sideration in  this  study.  For  instance,  a  combination  of 
70%  argillaceous  aggregates  and  30%  excellent  aggregates 
means  that  70%  of  the  total  weight  of  1/2"  and  3/8"  sizes  is 
argillaceous,  and  the  other  30%  is  frost  resistant.  The 
same  frost  resistant  aggregate  of  the  remaining  sizes  was 
used  in  all  the  test  specimens. 
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Asphalt  AC-20  was  used  in  all  the  mixes  in  4%  and  6% 
contents  as  it  was  indicated  in  the  experimental  design. 
The  test  specimens  were  of  the  standard  size  corresponding 
to  the  Marshall  Test,  4  in.  diameter  and  2-1/2  in  height. 
All  the  specimens  were  made  according  to  the  standard  desig- 
nation ASTM  D  1559.  The  order  in  which  the  specimens  were 
fabricated  was  completely  at  random. 

V.2.3   Conditioning  and  Testing  of  Specimens 

Three  days  after  the  specimens  were  made,  they  were 
immersed  in  water  for  48  hours  before  the  application  of 
freezing  and  thawing  cycles.  The  typical  freeze-thaw  cycle 
applied  in  this  experiment  was  according  to  the  standard 
procedure  ASTM  C666-A.  The  extent  of  deterioration  at  dif- 
ferent number  of  cycles  was  monitored  by  pulse  velocity 
measurements.  As  the  internal  cracking  of  the  test  specimen 
increases,  the  time  that  an  impulse  takes  to  go  through  the 
specimen  also  increases.  The  readings  from  this  testing 
procedure  are  given  in  microseconds,  and  the  details  for 
performing  the  test  are  discussed  in  the  standard  ASTM  D 
2845.  The  order  in  which  the  specimens  were  tested  was  com- 
pletey  at  random. 

V.2.4   Experimental  Results 


Stability  values  were  determined  first  after  50  freez- 
ing and  thawing  cycles,  and  then  at  73  cycles  some  specimens 
were    severely    deteriorated.     Stability    values    were 


149 

determined  as  it  is  indicated  in  ASTM  Designation  D  1559, 
except  for  the  testing  which  was  perforramed  at  room  tempera- 
ture. 

The  experimental  results  corresponding  to  stability 
values  and  pulse  velocity  determination  for  all  the  test 
specimens  are  shown  in  Table  V.2  and  Table  V.3  respectively. 
In  Table  V.3  the  percent  change  in  pulse  velocity  respect  to 
the  initial  pulse  velocity  reading  of  each  specimen  are 
shown.   Such  percent  was  computed  as  follows 


PV   -  PV 
n o 

PV 


100 


whe  re 


PV 


PV 


initial  pulse  velocity  reading  (u  sec) 
pulse  velocity  after  n  freeze-thaw  cycles 
( u  sec  ) 


Table  V.2   Stability  Values  (Lbs.) 

No .  of  Cycles 
50 


en 
v 
u 
(3 
60 
01 
U 
M 
M 

< 

o 
<u 

u 

■V 


01 

n 


73 


0% 


30% 


50% 


70% 


Asphalt  Content    Asphalt  Content 


4% 


6% 


4% 


6% 


8718 

8383 

8051 

7945 

7304 

8689 

7862 

7528 

7712 

7859 

8454 

7945 

7816 

7970 

7820 

8209 

8453 

7454 

6402 

7825 

6454 

7616 

6950 

7637 

7648 

8106 

5610 

7323 

7433 

7760 

6297 

7030 
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Table  V.3   Pulse  Velocity  Determinations  (%  change) 

No.     of    Cycles 


n 

01 
4J 
Cfl 

M 
0) 
U 
60 
00 
< 

to 
3 
O 
01 

u 

01 


a) 


5  0 


73 


0% 


30% 


5  0% 


7  0% 


Asphalt  Content    Asphalt  Content 


4% 

1  1  .0 
6  .5 

9  .8 
20  .0 

26  .1 
8.2 

12  .3 
28  .0 


6% 

3  .6 

5  .7 

7  .6 

6  .3 

9  .8 
13  .3 

4  .1 
2.6 


4% 

5  .1 
0  .0 

13.1 
7  .6 

32  .5 

5  .4 

70  .0 
39  .2 


6% 

6  .0 
6  .4 

0 
12  .2 

5  .0 
20  .0 

14  .1 
3  .0 


Table  V  .4   AN0VA  for  Data  Shown  in  Table  V.2 
Source       d.f.  S.S.  M.S. 


Ai 

1 

1  '241  ,888 

1 

'241 

,888 

5  .04* 

p  . 
J 

3 

4'897  ,  172 

1 

'632 

,391 

* 
6  .62 

Apij 

3 

760,839 

253 

,613 

1  .03 

\ 

1 

1  '31  1  ,390 

1 

'311 

,390 

* 

5  .32 

AN  ., 
ik 

1 

90,951 

90 

,951 

0  .37 

NP  ., 

3 

2'  107  ,882 

702 

,627 

ANP. 

1  Jk 

3 

1 '024  ,090 

341 

,363 

1  .39 

Error 

16 

3'943,335 

246 

,458 

Total 

31 

15  '377  ,548 

'Significant  at  the  5%  level. 


Significant  at  the  1%  level 


Table  V  .5   ANOVA  for  Data  Shown  in  Table  V.3 
Source  d  .  f  .  S.S.  M.S. 
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P  . 
J 


AP 


ij 


AN 


NP 


ik 


jk 


Error 
Total 


1 

3 

3 

1 

1 

3 

3 

16 

31 


958  .1 

1 ,172  .8 

1 , 164  .1 

130  .8 

43  .5 

684  .4 

421  .5 

1,474.2 

6  .049  .4 


958  .1 
390  .9 
388  .0 
130  .8 

43  .5 
228  .1 
140  .5 

92  .1 


10  .4** 
4  .2* 
4  .2* 

1  .4 

0  .47 

2  .48 

1  .52 


*Significant  at  the  5%  level. 

** S igni f icant  at  the  1%  level. 

V  .3   Analy s Is  and  Interpretation  of  Results 

In  order  to  test  the  statistical  significance  of  each 
of  the  factors  under  consideration,  i.e.  asphalt  content 
(A),  percent  of  deletereous  aggregates  (P),  and  number  of 
freeze-thaw  cycles  (N),  an  analysis  of  variance  was  per- 
formed. The  results  of  the  analysis  using  the  stability 
values  are  shown  in  Table  V.4;  in  Table  V  .5  the  results  of 
the  analysis  of  pulse  velocity  determinations  are  shown. 

The  analysis  of  variance  performed  with  the  stability 
values  suggests  the  following  observations: 
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1.  All  Che  main  factors  were  found  statistically  signifi- 
cant at  least  at  the  a  =  0.05  level  of  significance;  by 
the  contrary,  second  order  and  third  order  interactions 
were  not  found  significant.  Asphalt  content  (A)  had  a 
significant  effect  on  the  frost  resistance  of  the  test 
specimens,  at  the  a  =  0.05  level  of  significance.  The 
percent  of  deletereous  aggregate  was  found  the  most 
significant  on  the  frost  resistance  of  the  bituminous 
specimens,  at  the  a  =  0.01  significance  level. 
Finally,  the  frost  resistance  of  the  test  specimens  at 
50  freezing  and  thawing  cycles  was  significantly  dif- 
ferent from  their  frost  resistance  after  73  cycles. 

2.  Further  details  of  the  effects  of  A,  P,  and  N  on  the 
frost  resistance  of  the  test  specimens,  can  be  observed 
in  Figure  V.l.   Particularly  important  are 

a.  After  the  application  of  50  freezing  and  thawing 
cycles,  no  significant  damage  was  inspected  on  any 
of  the  test  specimens,  regardless  of  the  asphalt 
content  and  the  percent  of  deletereous  aggregates. 
After  73  cycles,  a  varying  extent  of  deterioration 
could  be  inspected  including  a  few  specimens 
almost  disintegrated.  The  application  of  freezing 
and  thawing  cycles  was  stopped  at  73  cycles. 


b.   After  73  freezing  and  thawing  cycles  were  applied, 
deletereous  aggregates  in  percentages  smaller  than 
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30%  did  not  have  any  effect  on  the  frost  resis- 
tance of  the  test  specimens  regardless  of  the 
asphalt  content.  By  the  contrary,  the  asphalt 
content  had  a  significant  effect  on  frost  resis- 
tance whenever  the  percent  of  deletereous  aggre- 
gates was  50%  and  70%.  The  larger  the  asphalt 
content  the  more  frost  resistant  the  specimens 
were.  In  Figure  V.l  the  relative  effect  of  6%  and 
4%  asphalt  content  on  frost  resistance  can  be 
oserved.  For  4%  asphalt  content  a  severe  reduc- 
tion in  frost  resistance  occurred. 

A  second  analysis  of  variance  was  performed  with   the  pulse 

velocity   determinations.    From   the  results  shown  in  Table 

V .5  and  in  Figure  V.2,  the  following  observations   are  per- 
tinent . 

1.  Two  main  factors,  A  and  P,  and  one  second  order 
interaction  AP,  were  found  statistically  significant  at 
least  at  the  a  =»  0.05  level  of  significance. 


2.  Except  for  some  minor  discrepancies,  it  seems  that  the 
same  observations  can  be  made  from  the  analyses  of  sta- 
bility values  and  pulse  velocity  determinations.  How- 
ever, the  ability  of  the  pulse  velocity  test  to  detect 
frost  damage  is  apparent  only  after  deterioration  is 
self  evident. 
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V . A   Recommendations  for  Further  Studies  Under  Field  Exposure 

The  laboratory  experiment  previously  described  provides 
limiting  working  values  which  can  be  used  in  the  design  of 
field  test  sections.  In  addition  to  verify  and  improve  the 
laboratory  findings,  field  test  sections  can  be  designed  to 
invetigate  the  effects  of  deicers  and  actual  field  exposure 
on  the  frost  resistance  of  bituminous  pavements.  Likewise, 
the  effect  that  deletereous  aggregates  in  deeper  layers  have 
on  the  frost  resistance  of  pavements  can  also  be  investi- 
gated. 


The  fact  that  at  the  present  there  is  no  adequate  scale 
for  rating  varying  frost  resistant  aggregates,  imposes  seri- 
ous limitations  to  any  experimental  design  to  study  the 
frost  resistance  of  bituminous  mixes  in  the  field.  However, 
if  the  usefulness  of  limiting  values  is  recognized  some 
practical  recommendations  may  result  from  a  field  test  sec- 
tion. 


157 


CHAPTER  VI 
SUMMARY  AND  CONCLUSIONS 

V  I  .  1   Summary 

In  this  investigation  the  disruptive  effects  of  coarse 
aggregates  in  concrete  and  bituminous  pavements  exposed  to 
freezing  and  thawing  action  have  been  studied.  For  this 
purpose,  two  main  approaches  were  used:  Statistical  Analysis 
of  observational  data  and  the  Experimental  Method.  The  par- 
ticular problems  of  identifying  frost  non-resistant  aggre- 
gates, and  the  determination  of  permissible  amounts  to  be 
used  when  they  are  combined  with  sound  aggregates  were  also 
dis  cuss  ed  . 

Argillaceous  aggregates  that  give  rise  to  severe  sur- 
face deterioration  of  concrete  pavements,  and  to  almost  com- 
plete failure  of  bituminous  pavements  were  also  investi- 
gated. Their  typical  pore  size  distribution  was  found  to 
include  a  significant  fraction  of  pores  smaller  than  0.06u 
diameter.  Such  a  fraction  of  pores  is  responsible  for  the 
generation  of  high  osmotic  pressures  in  the  presence  of 
deicers  and  freezing  conditions.  Osmotic  pressure  was  iden- 
tified as  a  significant   source   of   deterioration   whenever 
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these   argillaceous   aggregates   are   used   in   concrete  and 
bituminous  pavements  exposed  to  deicers. 

A  simplified  analysis  of  frost  action  in  rocks  provided 
results  to  identify  three  ranges  of  pore  diameters,  which 
are  associated  with  the  main  failure  mechanisms  recognized 
at  the  present.  These  results  are  in  agreement  with  the 
values  that  other  authors  determined  by  different 
approaches  . 

The  tensile  and  compressive  strengths  of  portland 
cement  concrete  are  larger  than  those  of  bituminous  con- 
crete; this  fact  makes  bituminous  concrete  potentially  less 
resistant  to  the  deletereous  action  of  frost  susceptible 
aggregates.  In  addition,  the  increased  rigidity  of  bitumi- 
nous concrete  due  to  temperature  drops,  makes  it  more  sensi- 
tive to  the  internal  cracking  of  coarse  aggregates.  These 
differences  between  concrete  and  bituminous  mixes  seem  to  be 
responsible  for  a  poor  response  of  the  latter,  whenever 
argillaceous  aggregates  are  used.  This  poor  response  is 
accentuated  by  the  action  of  deicing  salts  on  the  surface 
layer;  however,  in  interior  layers  not  exposed  to  deicer, 
the  same  argillaceous  aggregates  can  be  expected  to  perform 
better. 


The  identification  of  frost  susceptible  aggregates  has 
been  a  major  concern  for  long  time,  and  for  that  purpose 
several  of  their   physical   properties   have   been   studied. 
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Sometimes,  using  one  or  more  physical  properties,  the  per- 
formance of  an  aggregate  by  itself  or  its  performance  in 
concrete  have  been  predicted  accurately,  but  at  other  times 
the  predictions  have  been  inaccurate.  Lack  of  consistency 
has  been  the  major  problem  of  most  of  the  recommended  pro- 
cedures . 

According  to  what  has  been  discussed  in  the  context  of 
this  investigation,  particularly  in  chapters  II,  III,  and 
IV,  the  following  phyical  properties  are  proper  for  further 
consideration: 

1.  Absorption 

2 .  Ads  o  rp  t  i  on  . 


3.   Osmotic  phenomenon 


4.   Pore  structure. 


All  these  physical  properties,  except  osmosis,  have  been 
used  in  the  past  to  identify  aggregates  susceptible  to 
freezing  and  thawing.  Water  absorption  has  been  the  sim- 
plest test  to  assess  the  potential  frost  susceptibility  of 
concrete  aggregates;  however  its  predictions  are  highly 
inconsistent  and  unreliable.  Such  inconsistency  can  be 
alternatively  explained  according  to  Figure  III. 9.  For 
instance,  assume  a  concrete  aggregate  whose  absorption  is 
2%,  for  most  standards  this  aggregate  may  be  accepted;  how- 
ever,   such   an   aggregate   can   give   rise   to   completely 
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different  responses  to  frost  action  depending  on  its  pore 
structure.  If  its  pore  size  distribution  is  located  In 
range  III,  the  aggregate  is  likely  to  be  harmless;  on  the 
contrary,  if  it  is  located  in  range  I  it  is  likely  to  be 
highly  deletereous. 


In  order  to  take  account  of  the  inconsistency  of  the 
absorption  test,  an  alternative  procedure  was  recommended  by 
the  PCA  including  the  adsorption  of  the  aggregate.  Using 
the  vacuum  absorption  and  the  magnitude  of  the  adsorption  at 
92%  relative  humidity,  an  acceptance-rejection  border  line 
was  empirically  defined.  Despite  this  modification,  the 
consistency  between  predictions  and  actual  performance 
remains  questionable.  At  92%  relative  humidity  the  only 
pore  sizes  filled  with  water  are  those  smaller  than  about 
0.03u.  Freezing  of  the  entire  volume  of  water  in  these 
pores  is  most  unlikely,  because  very  low  temperatures  are 
required.  Therefore,  only  a  fraction  of  that  volume  of  water 
is  capable  of  producing  damage  by  the  critical  distance 
mechanism.  Assuming  a  minimum  field  temperature  of  -20  C, 
all  the  water  in  pore  sizes  smaller  than  about  O.Oly  would 
remain  unfrozen.  Consequently,  the  only  volume  of  freeze- 
able  water  is  that  fraction  between  about  O.Olu  and  0.03u, 
whose  magnitude  is  unknown  and  confounded  with  the  total 
adsorption  value.  Another  disadvantage  of  this  procedure  is 
that  most  of  the  critical  pore  sizes,  as  it  was  discussed  in 
Chapter  III,    are   not   taken    into   consideration  bv   the 
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adsorption  determinations.  These  are  some  reasons  why  the  PCA 
test  is  likely  to  give  inconsistent  results  regarding  the 
performance  of  concrete  aggregates  exposed  to  frost  action. 

The  complexity  of  the  freezing  and  thawing  action  in 
rocks  makes  unlikely  the  correct  classification  of  aggre- 
gates 100%  of  the  time.  However,  if  the  results  of  experi- 
mental studies  and  theoretical  analyses  are  combined,  it  is 
possible  that  aggregates  of  unknown  performance  will  be 
correctly  classified  with  acceptable  frequency. 

In  this  section,  before  the  main  conclusions  are  indi- 
cated, a  sequential  procedure  is  offered  for  the  acceptance 
or  rejection  of  aggregates  with  unknown  performance  under 
freezing  and  thawing  action.  The  procedure  is  based  on  the 
findings  of  this  investigation  and  on  well  known  facts  con- 
cerning frost  action.  First,  the  postulation  of  two  failure 
mechanisms  makes  it  necessary  to  recognize  the  existence  of 
two  permissible  absorption  values  Instead  of  one: 

A.   There  is   one   permissible   absorption   value  whenever 

failure   is   expected  to  occur  by  the  critical  distance 

mechanism.   From   theoretical   considerations,  Verbeck 
and  Landgren  found 


W,,,  =  0.3% 
EA 

which  was  computed  from  the  volume  change  that   can   be 
permitted  by  elastic  accommodation. 
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B.  Another  permissible  absorption  value  should  be  applied 
if  failure  is  likely  to  occur  by  the  expulsion  into  the 
paste  mechanism.  Assuming  a  concrete  mix  with  1"  max- 
imum size  and  5%  entrained  air,  such  value  is  approxi- 
mately 

WEX  "  4'°7- 
Second,  according  to  the  theory  of   capillary   condensation, 

it   is   possible   to   estimate   the  volume  of  pores  in  which 

water  is  unlikely  to  freeze  and  to  estimate   the   volume   of 

pores   within  the  most  critical  size  range  between  O.Oly  and 

0.2y.   These  volumes  of  pores  can  be  estimated  by   measuring 

absorbed   water   at   75%  and  97%  relative  humidities.   After 

these  values,  as  well  as  the   total   absorption,   are   known 

better   inferences   can  be  drawn  about  the  susceptibility  of 

coarse  aggregates  to  freezing  and  thawing. 


A  possible  decision  making  process  for  accepting  or 
rejecting  aggregates  with  unknown  performance  would  start 
with  these  two  simple  tests.  If  no  strong  conclusion  can  be 
made  using  such  test  results,  then  the  osmotic  pressure  test 
can  be  done  in  order  to  reinforce  any  preliminary  conclusion 
and  to  provide  additional  information  about  the  effect  of 
deicers  on  the  aggregate.  Finally,  if  still  no  decision  can 
be  made,  a  mercury  porosimetry  test  is  desirable  to  obtain 
the  entire  pore  size  distribution  and  thereby  the  discrim- 
inant score  of  the  aggregate.  After  the  discriminant  score 
is   computed,   as   it   was   described   in   Chapter   II,   the 
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aggregate  can  be  classified.  A  decision  making  sequence  is 
presented  in  Figure  VI. 1;  the  symbology  used  in  that  figure 
is  defined  as  follows: 


W„ 


75 


'97 


aggregate  absorption  (%) 

percent  adsorption  at  75%  relative  humidity 

(d  <.    O.Oly) 
percent  adsorption  at  97%relative  humidity 
(d  <  0.1 u) 


W_  =  freezable  water  content  (%)  at  20   C 


=  wT-w73 
AW   =  water  content  (%)  in  critical  size  range 


EA 

'ex 
n 

D 


VW75 

0  .3% 

4% 

to  be  estimated  by  further  research 
discriminant  core 


V  I  .  2   Conclusions 

The  discussions  and  conclusions  corresponding  to  each 
part  of  this  investigation  were  presented  at  the  end  of  each 
chapter,  and  for  that  reason  they  are  not  repeated  in  this 
section;  however,  taking  all  the  findings  together,  the 
following  major  conclusions  seem  pertinent. 


1.  Direct  measurements  of  the  details  of  pore  structure, 
instead  of  summary  parameters,  seem  to  correlate  better 
with  alternative  indices  of  frost  susceptibility. 
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2.  Rock  samples  with  a  significant  volume  of  pore  sizes 
smaller  or  equal  than  about  0.06u  are  able  to  act  as 
semipermeable  membranes  and  osmosis  can  take  place.  In 
the  presence  of  deicers,  the  argillaceous  aggregates 
under  investigation  are  capable  of  developing  osmotic 
pressures  which  give  rise  to  surface  failure  of  con- 
crete and  bituminous  pavements. 


Based  on  phe nomeno logi cal  considerations  and   empirical 

results,   it   was   found  that   freezing  rate  is  not  an 

absolute  quantity,  but  it  depends   on   pore   structure. 

Such   influence   is   more  accentuated  as  the  capillary 
pore  size  decreases. 
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APPENDIX  A 
Physical  Properties  of  Selected  Samples 


In  this  appendix  some  of   the   physical   properties   of 
samples   P  and  G  are  given.   The  vacuum  absorption,  specific 

gravity,  and  specific  surface  of  sample  P  are:   4.43%,  1.73, 

2 
and   15.53   m  /g  respectively.   The  same  physical  properties 

2 
of  sample  G  are:   9.0%,  2.72,  and   1.53   m  /g   respectively. 

The   physical   properties  of  sample  CC-1  are  given  in  refer- 
ence (  25  )  . 


Finally,  the  pore  size   distribution   of   each   sample, 
obtained  by  mercury  porosimetry,  are  shown  in  Figure  A.l. 
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APPENDIX  B 
Strain  Gage  Instrumentation 


The  freezing  action  in  water  saturated  rock  specimens 
was  monitored  by  using  electrical  strain  gages.  Oven  dry 
cylindrical  specimens  2"  in  height  and  1-3/8"  in  diameter 
were  instrumented  with  four  strain  gages.  Two  measurements 
of  longitudinal  strains  and  two  measurements  of  diametral 
strains  were  recorded  from  diametraly  opposite  points  on  the 
middle  height  of  the  test  specimen. 

The  strain  gages  used  were  obtained  from: 

Micro-Measurements  Division 

Measurements  Group 

P.  0.  Box  27777 

Raleigh,  North  Carolina   2611 

The  type  corresponds  to  the  gage   designation   CEA-00-125UT- 

120  listed  in  the  Catalog  200  of  Micro-Measurements  (M-M). 

Before  the  application  of  the  strain  gages,  the  surface 
of  the  test  specimen  was  prepared  according  to  the  Instruc- 
tion Bulletin  B-129  of  M-M.  M-Bond  AE-10  bonding  cement  was 
used,  and  two  protective  coatings  were  applied  on  the  strain 
gage:   first,  M-Coat  D,  and  second,  M-Coat  G.   The  first   is 
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a  moisture  barrier  of  negligible  electrical  leakage,  and  the 
second  coat  was  used  for  further  protection  because  the 
specimen  was  vacuum  saturated  with  water.  After  several 
tests  were  performed,  it  was  found  that  two  or  three  layers 
of  M-Coat  D  were  enough  to  protect  the  strain  gages  from 
undesirable  moisture  penetration.  The  characteristics  of 
the  adhesive  that  was  used  and  the  properties  of  the  protec- 
tive coatings  are  listed  in  the  Catalog  A-100  of  M-M.  The 
strain  gage  application  with  M-Bond  AE-10  was  done  according 
to    the    Instruction    Bulletin    B-137-7. 


Each  strain  gage  was  hooked  in  a  quarter  bridge  confi- 
guration, and  two  recording  units  were  used  for  monitoring 
the  strain  readings.  The  recording  of  strains  was  performed 
manually  . 
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